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Abstract: Project SMART (Strategies to Promote Small-Scale Hydro Electricity Production in Europe)
from the Intelligent Energy Europe (IEE) program, in which 7 institutions from 5 European states
participate, pointed to the important barriers for the expansion of small hydro power plants (SHP)
in Europe. One of the main barriers is the lack of suitable methodology and software able to create
a clear view of the SHP potential in the given territory, as well as a complete techno-economic
analysis for certain locations. Worldwide, there are a certain number of software for this purpose,
and will be presented in this paper. However, in practical application for concrete cases, they show
certain disadvantages. For example, one software is not able to take into account all the specifics of
watercourses and plants; another does not have the option of selecting all types of turbines; in others,
the calculation models are based on a limited number of equations that do not describe all possible
cases; in some, economic analysis is oversimplified, etc. The aim of this paper is to develop software
that is more comprehensive than any existing software. A new software for the techno-economic
analysis of SHP is developed using Python and will be presented in this paper. The software is very
useful for experts in the field of SHP, but also much wider, for decision-makers, potential investors,
and stakeholders, especially in developing countries. It will improve water resources management,
disseminate opportunities to investors, and increase the interest of stakeholders to invest in SHP,
resulting in their wider use. The software is tested on location for SHP in the Republic of Croatia
by comparison with the results obtained by the usual classical calculation. The agreement of the
results is satisfactory.

Keywords: renewable energy; small hydro power plants (SHP); SMART project; techno—economic analysis;
new software (tool)

1. Introduction
Today, the world is entering a new era [1,2]:

Climate change represents the most pressing existential threat to humanity;
An era of low-carbon energy, characterized by dramatic changes in the energy supply—
demand relationship;

e  About 770 million people still do not have access to clean, affordable, and reliable

electricity, and almost one in three people do not have access to safely managed
drinking water;
The Paris Agreement also includes the transition from fossil to renewable energy sources;
As a renewable energy, hydropower plays an essential role in decarbonization of the
energy system (especially small hydro power plants (SHP)) and play an important
role for the global energy supply;

e Driven by the increasing demand for energy and global climate change, many coun-
tries have given priority to hydropower development in the expansion of their
energy sectors.
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There is still no universal international definition for SHP, but it is generally defined
by generating capacity with upper limits varying from 10 to 50 MW. In particular, SHP by
definition in many countries refers to plants with power below 10 MW, as presented in
Figure 1 [1].
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Figure 1. Definition of SHP by country [1].

Characteristics of SHP are [34]:

A mature technology which can easily be designed, operated, and maintained locally;
Economically feasible and has minimal impact on the environment;

Contributes greatly to solving the problem of rural electrification, improving liv-
ing standards and production conditions, promoting rural economic development,
alleviating poverty, as well as reducing emissions;

Favoured by the international community, especially by developing countries;

Has the lowest electricity generation prices of all offgrid technologies, and the flexibil-
ity to be adapted to various geographical and infrastructural circumstances.

The global installed SHP capacity for plants up to 10 MW is estimated at 78 GW [1].
SHP represents only approximately 1.5% of the world’s total electricity installed capacity,
4.5% of the total renewable energy capacity, and 7.5% (<10 MW) of the total hydropower
capacity [1]. Despite the appeal and benefits of SHP solutions, much of the world’s
SHP potential remains untapped (66%), especially in developing countries as shown in
Figure 2 [1].
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Figure 2. Share of SHP in the global electricity sector [1].

Asia continues to have the largest installed capacity and potential for SHP up to
10 MW, as shown in Figure 3 [1].
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Figure 3. Share of total installed SHP capacity by region [1].

Europe has 88% of its potential already developed, as shown in Figure 4 [1].
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Figure 4. Share of total remaining SHP potential by region [1].

The top six countries—China, the United States of America (USA), Japan, Italy, Norway,
and Turkey—account for 67% of the world’s total installed capacity of SHP [1]. China
with 54% of the world’s total installed capacity (definition of up to 10 MW) has more than
four times the SHP installed capacity of Italy, Japan, Norway, and the USA combined [1].
Figure 5 presents installed SHP up to 10 MW capacities worldwide [1].
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Figure 5. Installed SHP up to 10 MW capacities worldwide [1].

The Congress Draft of the San José Declaration on Sustainable Hydropower (World
Hydropower Congress 7-24 September 2021) stated that “Sustainable hydropower is a clean,
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green, modern and affordable solution to climate change. Going forward, the only acceptable
hydropower is sustainable hydropower [5]”. The question is: can SHP be sustainable [6,7]?

The assessment of hydropower sustainability was modeled in [8]. To assess run-of-
river SHP potential in South Sudan, the Soil and Water Assessment Tool (SWAT) model
was used in [9]. Recently, the potential for the exploitation of excess (and wasted) energy
sources in existing hydropower facilities has been increasingly considered in Europe [10].

The assessment of SHP sites for development represents a relatively high proportion
of overall project costs [11-13]. A high level of experience and expertise is required to
accurately conduct this assessment. The methodology and analysis of risk factors for the
initial cost assessment of hydropower is proposed in [14], to enable project developers
to identify critical areas for detailed investigations. A quantification of the ecological
impact of SHP based on the integrated approach is presented in [15]. A case study on
the implementation of a hydropower plant in Switzerland, concentrated mostly on the
effectiveness of policies for increasing use of renewable energy, is presented in [16]. The
reasons behind the slow progress of the hydropower sector in Pakistan were investigated
and presented in [17], while a case study of status and potential of SHP in Southern African
development community was presented in [18]. Results regarding local views on run-of-
river hydropower in German, Portuguese, and Swedish case studies, which are relevant for
hydropower operators and policymakers, are presented in [19]. However, in the conclusion
of the paper, it is pointed out that further investigation is required for specific national case
studies not discussed in the work.

Over the last several decades, a variety of computer-based assessment tools (software)
have been developed, which enable a prospective developer to make an initial assessment
of the economic feasibility of a project before spending substantial sums of money. These
software range from simple first estimates to quite sophisticated programs. However, a
reliable assessment of real economically feasible potential implies some “on the ground”
surveying of possible sites and their electricity generation potential. Thus, the appearance
of Geographic Information System (GIS) software has been of enormous use as a way of
capturing the range of information required. These technologies can store spatial catchment
information of a proposed SHP site in a GIS database and use it for decisions on whether
to proceed with SHP plant development. GIS tools coupled with a hydrological tool is
proposed in [20] to detect potential locations for a run-of-river plant.

Although there are a certain number of software packages, which will be presented
in this paper, project SMART has detected the lack of suitable, complete methodology
and software (tools) for techno-economic analysis of SHP for certain locations. Every
one of them shows certain disadvantages, and they are not able to take into account all
the specifics of watercourses. For example, one software is not able to take into account
all the specifics of watercourses and plants (e.g., derivation channel of open type with
different cross-sections); another does not have the option of selecting all types of turbines
(e.g., novel very low head turbines) and different numbers of installed turbines; in others,
calculation models are based on a limited number of equations that do not describe all
possible cases (e.g., calculation of minimum biological flow, pressure losses in individual
components, etc.); in some, economic analysis is oversimplified, etc. The aim of this paper
is to develop software that is more comprehensive than any existing software, which is
indicated by the equations given in the appendix, on which individual modules are based.
In this way, it replaces the simultaneous use of multiple software. New software for the
techno-economic analysis of SHP is developed using Python and will be presented in this
paper. The interface of the software is also designed to allow appropriate application. The
software is very useful for experts in the field of SHP, but also much wider for decision-
makers, potential investors, and stakeholders, especially in developing countries where
“Engineers without Borders” are involved in this type of project. It will improve water
resources management, disseminate opportunities to investors, and increase the interest
of stakeholders to invest in SHP, resulting in their wider use. The software is tested on
location for SHP in the Republic of Croatia by comparison with the results obtained by
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the usual classical calculation. The agreement of the results is satisfactory. The diagram in
Figure 6 illustrates the whole idea of new software development presented in this paper.
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Figure 6. The whole idea of new software development.

2. Existing Software for the Analysis of SHP

Software for the techno-economic analysis of SHP are often developed for specific con-
ditions in countries around the world, and currently no single tool has been found that has
been shown to meet all the requirements for preliminary analysis of SHP. Accordingly, two
or more software are often used to harmonize the obtained data, technical and economic,
in order to obtain complete and satisfactory results [21]. In order to reveal the advantages
and disadvantages of the tools available on the market, an analysis and description of each
tool is presented below.

2.1. Conventional Software Tools for SHP Assessment

Computer software designated for SHP assessment can be integrated or not into
GIS (i.e., using the spatial data of a catchment). To assess river flow, there are two main
approaches: the flow duration curve (FDC) and the simulated streamflow (model) methods.
A less accurate intermediate approach is based on the mean annual flow (MAF), which
can also be used in some programs. Table 1 summarizes the software packages applied for
hydropower studies [11].

Table 1. Overview of conventional software tools for SHP assessment [11].

Software Tools Features
Applicable Power and . Economic  Preliminary
Name Developer Countries Hydrology Energy Coasting Evaluation Design
2;68(1;352‘: amn:{h:ig National Resources International Model + - -
p ¥ Canada and POWEL
(IMP)
RetScreen® National Resources International ~ FDC + + -
Canada
ISL Bureau
PEACH d’Ingenieurs Conseils, International = FDC + + +
Paris, France
Hydroponer Depmentof ey
Evaluation 0 NG & USA MAF - - -
Software (HES) Environmental
Laboratory, USA
SMART .
Mini-Hydro ERSE SpA, Milan, Italy  Italy FDC + + -
Gordon J.L and
Hydrohelp OEL-HydroSys, International FDC + + -

Canada
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2.1.1. SMART Mini-Hydro

SMART Mini-Hydro [22] is a software for techno-economic analysis of SHP developed
as part of the SMART project, co-financed by the Intelligent Energy Europe program.
SMART Mini-Hydro is a tool in MS Office Excel format, and therefore has certain limitations;

however, it contains a large amount of calculation modules.

The tool consists of modules divided according to the calculation of relevant
parameters—flow, geodesic head, turbine, produced electricity, costs and economic anal-
ysis, as shown in Figure 7 [22]. In more detail, work in the tool begins by defining the
flow duration curve according to the defined intervals, after which the tool displays the
curve graphically. Below are the calculations of the flow of the biological minimum, the net
flow, and the entry or calculation of the designed flow of a SHP. This is followed by the
calculation of flow losses and the calculation of the geodetic head. Finally, the calculation
of technical parameters and the amount of electricity produced ends after selecting the
desired type of turbine. The cost calculation and financial analysis are quite concise, and
only the basic costs of the intake (function of flow), pipelines (function of diameter and
length), and powerhouse (function of installed turbine power) are calculated.

@ 1. Discharge @

1.1 Flow Duration Curve calculation

—~
Rl

RS ERSE V4
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3.1 Characteristics of the plant

Plant name Progetto 1
Location ltalia
River Fiume1
Design discharge [s] 22315
Gross head [m] 100
Turbine type Pelton
3.2 Power
Turbine efiiciency (Qdesign) [%]
Local losses [m]
Maximum hydraulic loss [%]
Generator efficiency [%]
Transformer efficiency %]
Gearbox efficiency [%]
Percentage of plant stop [%]
Maximum power kW] 1.724
Nominal power [kw] 1.551
Average power kW] 1.120

3.3 Energy annual production

Figure 7. Presentation of calculation modules of the SMART Mini-Hydro software [22].

The advantages of this tool are certainly the detailed calculation procedures of technical
parameters and a very good presentation of the obtained results; however, in some parts,
the presentation of individual calculation steps is missing for a better understanding of the
tool and the SHP. Additionally, the absence of an integrated diagram for turbine selection,
which is set in the tool as an external reference, is considered a drawback, and the user is
not able to see the exact parameters of a SHP on the diagram. In addition to the above, the
calculation procedure for determining flow losses in open channels that are used in Croatia

is missing.
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2.1.2. RETScreen International Clean Energy Project Analysis Software

RETScreen International Clean Energy Project Analysis Software is a tool developed for
the purpose of promoting projects of renewable energy sources and energy efficiency and
unifies budgeting procedures for making techno-economic analyses of various technologies
and projects [23,24].

The tool also includes databases for renewable energy projects where users can see
the specifics of each created case. Furthermore, the tool includes the characteristics of
the necessary machines in order to obtain the most accurate calculation of technical and
economic parameters. The tool is available in a large number of world languages.

The RETScreen Small Hydro Project model can be used at any location to evaluate
grid-connected, isolated-grid, or off-grid SHP projects. The tool offers the possibility to
select the size of the turbines, as well as the number of turbines required, whether it is
a large-, medium-, or micro-SHP project. The problem with RETScreen appears when
trying to discover the methodology used to calculate quantities in hydropower projects. In
addition, since it is a tool for various projects of renewable energy sources, some details
that would need to be shown in the preliminary analysis are excluded.

2.1.3. Small Hydropower Plant Software—NTNU

This software [22] was also developed as part of the SMART project and represents a
significant step towards the calculation of the costs of the considered plant. The tool is based
on the MS Office Excel program package, and a separate user interface has been developed
for use, which significantly simplifies the use of the tool, as shown in Figure 8 [22].

SMALL HYDROPOWER PLANTS PROGRAM lﬁj

MU = NOK RIVER NEW EXIT

Currency | Intake dam | Powerhouse | Fipe | Road | Turbine | Dam gate ‘ Intake gate or valve |

Trash rack ‘ Crane | Generator | Transformer | Controller |_ Switchgear Income

INPUT

High voltage
Connection to grid with Low voltage{<1100v) cable

Distance to the grid 0 m
Select: Flow Q 0 m3/s
" Head/Waterflow Net head Hn 0 m

" Power

Power Qutput P kw

Calculate | Cancel |

OuTPUT

Cost of the power cable MU

Figure 8. The user interface of the software Small hydropower plant—NTNU [22].

The tool is able to create a detailed calculation of all parts of a SHP, with specific
application to the territory of Norway. Although very easy to use, the tool does not offer
the possibility of more detailed calculation of the technical parameters of the planned plant,
which can be cited as the main drawback. Furthermore, the tool lacks calculation procedures
that would enable the calculation of economic parameters of specific components, for
example, new types of turbines that are coming into use. The tool offers the possibility of
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plant optimization taking into account both the technical and economic parameters of the
planned plant.

2.1.4. HydroHELP Design Cost Tool

The HydroHELP Design Cost Tool [25] is a series of tools developed for use in cal-
culating parameters that allow the engineer to make a preliminary estimate of a SHP
with a minimum amount of location data. The tool is intended for relatively experienced
engineers with guidelines for creating an analysis. All tools in the HydroHELP series were
created using the MS Office Excel software package. The tools do not include analysis of
hydrological or financial data.

Currently, the HydroHELP series consists of four tools:

HydroHELP 1.4 for turbine selection;
HydroHELP 2.4 for Francis turbines;
HydroHELP 3.4 for impulse turbines;
HydroHELP 4.4 for Kaplan turbines.

The calculation procedure begins with a turbine selection tool that suggests the most
suitable turbine to the user for the defined parameters of flow, net drop, and number of
turbines in a SHP. After this step, according to the tool recommendation, the user is directed
to calculation tools for a specific type of turbine—for calculation of Francis turbines, for
calculation of impulse turbines, and for calculation of Kaplan turbines.

The above tools guide the user through the calculation and design process while
offering the best options for all components. Input hydrological data are taken from maps
and site visits without geotechnical investigations. The tools have been successfully tested
on several projects.

2.1.5. Integrated Method for Power Analysis (IMP 5.0)

IMP [26,27] is a computer tool for site assessment for SHP projects. By using the IMP
tool in combination with meteorological and topographic data, it is possible to create a
quick assessment of a potential location. The tool includes electricity generation estimation,
flood frequency curve creation, and fish habitat analysis.

IMP is usable for users without experience in SHP to discover potential locations for
projects, for learning, and for experts in the field of SHP. The IMP tool, as mentioned earlier,
consists of:

models for flood frequency analysis;
models for the analysis of the flow duration curve (FDC) and hourly and daily flow
values based on data on precipitation, temperatures, and the description on the left;
e asimulation model for estimating electricity production from the collected data on a
daily or annual level;
e fish habitat analysis module.

2.1.6. PEACH Software

This tool is dedicated to preliminary studies of hydropower sites [28,29]. It considers
all technical engineering methods, usually used at these preliminary stages, and also deals
with economic and financial analysis of hydropower schemes.

2.1.7. The Hydropower Evaluation Software (HES)

This tool enables the user to account for environmental, legal, and institutional con-
straints in the USA [30]. It uses environmental attributes and federal land code data to
generate a project environmental suitability factor.
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2.2. GIS Applications for Evaluating Hydropower Potential

The latest computer-based packages have integrated GIS tools or vice versa—some
of them are a part of GIS. Table 2 presents GIS-based Small Hydropower Atlases on
the Internet [11].

Table 2. GIS-based Small Hydropower Atlases on the Internet [11].

SHP Atlas on the Internet Features
@
b3
: % 3
-
> 8 .g o % §
20 = it S 0]
B Y 2 g =
50 =] 'y 2 g = < b ~
Applicable < -L; = 5 ki “E 8 = g
Name Developer . Accessibility e = » £ B — 5 CE
Countries 3 © 2 e > I~ =
5 = S5 = S E
o g w MmO E %o 2
(=] 8 'Q [77) = é
Ry [ e .E E
A~
3=
5
<
NVE Atlas. Norwegian Water Open access,
. Resources and Energy interactive
Potential . Norway MAF + + + + - -
Directorate (NVE), web-based
for SHP plants .
Trondheim maps
Virtual Open access,
Hydropower Idaho National interactive
Prospector Laboratory, Idaho usa web-based MAF N " " " * i
(VHP) maps
Kerr Wood Leidal British Qpen access,
. . interactive MAF,
RHAM Associates Ltd. Columbia, web-based FDC + + + + - +
(KWL) Canada
maps
Hydrobot E;(s:l(jclj:::slft d. etal Scotland Limited access FDC + + + + - +
Open access,
VAPIDRO ASTE ~ ERSE SpA, Milan Italy interactive MAF  + + + + - +
web-based
maps

2.2.1. NVE Atlas

To fully understand the potential for small hydro (50 kW to 10 MW), the Norwegian
Water and Energy Directorate (NVE) developed a new method for resource mapping using
GIS technology between 2002 and 2004 [31-34]. The method involved identifying waterfalls
with the potential for hydro development and then adding available hydrological data
and cost figures for intakes, waterways, and power stations. ArcGIS standard hydrologic
analysis was used to derive runoff. Certain limitations were set with regard to the river
slope, elevation, run-off volume, maximum usable flow, installed power, and production.
The plant design was fixed automatically as soon as the head and flow were known, and
the power output and generation capacity was automatically calculated.

2.2.2. The Rapid Hydropower Assessment Model (RHAM)

Developed by KWL [35], it is used to assess the run-of-river hydroelectric potential for
the province of British Columbia (BC), Canada, for an area of approximately 950 thousand
square kilometres [36]. Over 8000 potential hydroelectric opportunities were identified. A



Water 2023, 15, 1651

10 of 34

powerful geographic information systems-based computer model enabled the assessment
to be completed in four months. RHAM is developed using an ArcGIS 9.2 platform with
the Spatial Analyst extension from ESRI Canada. GIS data sources incorporated into the
model included DEM data from Natural Resources Canada and hydrology data from the B.
C. Ministry of Environment.

2.2.3. The Virtual Hydropower Prospector (VHP)

It is a GIS application designed to assist users in locating and assessing natural stream
water energy resources in the United States [37,38]. It was developed as part of the Small
Hydropower Resource Assessment and Technology Development Project conducted at
the Idaho National Laboratory (INL) with the support of the USA Department of Energy
Wind and Hydropower Technologies Program. The intended use of VHP is to obtain a
broad overview of water energy resources in an area of interest or to perform a preliminary
development feasibility assessment of particular sites of interest. The location of features
and the associated attribute information are for indication only. Actual on-site locations,
measurements, and evaluations must be undertaken to verify information presented by
VHP and assess true development feasibility.

2.2.4. Hydrobot

Itis a combined GIS and financial assessment tool to identify micro-hydro schemes [39].
It was first conceived as a university project and operated as a series of processes rather
than a single model. The model was first used for a study commissioned by the Forum
for Renewable Energy Development in Scotland on behalf of the Scottish Government to
assess the nation’s remaining hydro potential [40]. Hydrobot can be applied to any land
area within Scotland and the top sites supplied to those developers. Hydrobot is based on
a surface flow model derived from elevation data in a 10 m x 10 m grid across the whole of
Scotland. Every watercourse has been modelled to give the FDC at any point. The accuracy
of the predicted flows has been tested against measured flows away from established
gauging stations and also examined by the Scottish Environmental Protection Agency.

2.2.5. VAPIDRO ASTE

A methodology to evaluate the residual hydropower potential in Italy, taking into
account the current uses (such as irrigation and drinking water), with a numerical technique
coupled with a GIS was proposed. It is an interactive GIS and web-based map, called
VAPIDRO ASTE [22,41]. VAPIDRO ASTE is a numerical tool that allows for the evaluation
of the residual potential hydropower energy and all possible alternatives concerning the
sites for hydroelectric plants along the drainage network. The model applied through
GIS technology coupled the hydrological and hydrographical characteristics of nearly
1500 interconnected sub-basins and rainfall maps. Maps of maximum and residual hy-
dropower potential were produced and were found to be quite helpful tools to support the
power authorities” decision makers and other stakeholders in creating energy master plans
and in implementing SHP.

3. New Software (Tool) for Techno-Economic Analysis of SHP

The techno-economic analysis of SHP includes the consideration of hydrological
parameters with the aim of exploiting a certain water flow for the purpose of electricity pro-
duction and defining the estimated technical and assumed economic parameters. Through
analysis, it is possible, with certain assumptions, to obtain preliminary energy results and
economic results by establishing functional dependence on energy results.

With such analyses, it is possible to obtain information about the hydrological parame-
ters of a certain water flow (flow, design flow, biological minimum flow, etc.), losses in the
planned plant (flow losses in pipelines or channels), turbine type, turbine target parameters,
plant power, and the total available annual amount of electricity that can be produced.
It is necessary to emphasize that with this analysis it is not possible to obtain detailed
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results for each individual part of a SHP, but rather approximate results that can differ to a
certain extent from those obtained by calculation and proper dimensioning of individual
components of a SHP. The primary goal of such analyses is to obtain preliminary results
that will provide the user with a more detailed insight into the possibilities of exploiting the
targeted water flow, i.e., its energy potential. As will be shown in the following chapters,
the software (tool) is flexible when it comes to certain calculation modifications according
to user requirements, and the graphical interface is made simple and user-friendly. The
software is designed to guide the user through the process of creating a techno-economic
analysis of the planned SHP, indicating the parameters that the user must enter. Moreover,
the transparency of calculating procedures enables the user to have a deeper understanding
of the topic and to quickly obtain results for the planned plant.

In the modules for economic analysis, the parameters relevant to the project assessment
and decision-making on the implementation of the project are calculated. Of course, the
assessment of the investment in such cases, without the obtained data, will depend on the
pre-entered equations that are listed in the methodological overview of the software in the
appendix. Inaccuracies introduced by approximations and the application of equations
can give a completely wrong picture of investment costs; therefore, the software allows
for corrections of each of the cost groups in order to enable a more accurate calculation
of costs. When considering this segment of software, it is necessary to take into account
that obtaining accurate data is a demanding task, and that it depends solely on previously
acquired experiences and preferred suppliers of equipment and/or works and services.

Detailed analyses of each component of a SHP require a large amount of knowledge,
experience, and time, as well as quality data that the user is able to properly change with
the aim of optimizing the plant, whether it is optimization of the technical part of the
process or optimization of investment costs.

3.1. Software Structure

Structurally, the software is designed in such a way that it guides the user through
the calculation of all relevant parameters, and that by entering certain required data, it
simultaneously displays solutions, which greatly contributes to the possibility of optimizing
the planned plant. The need for user interaction and data entry is minimized by applying
equations that significantly simplify the calculation process. Of course, with such a method,
certain deviations will appear in the calculation; however, it is recognized that the level of
accuracy of the results provided by the software meets the ultimate purpose—the analysis
of the potential of a certain water flow.

The first version of the software was developed primarily for use in Croatia. It was
developed in Microsoft Office Excel which has significant limitations, but still offers quite
satisfactory possibilities for structuring such a software. The second version of the software
(v.2.0.), that will be presented in this paper, has been developed in Python. The method and
equations are given and explained in the appendix. The standard Python GUI Interface,
Tkinter, was used, as well as some standard libraries to perform mathematical operations:
NumPy and NumPy financial. The second version of the software has been expanded
with some additional features and adapted for international use. The transparency of the
calculation process itself gives the user better insight into all the parameters of the planned
plant and requires a certain level of prior knowledge in order to use it properly.

The software algorithm consisting of seven modules is shown in Figure 9. The modules
are Net/designed flow module, Net head module, Turbine module, Energy production
module, Investment module, Financial and economic module, and Sensitivity analyse module.
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Figure 9. The software algorithm consisting of seven modules.

3.2. Net/Designed Flow Module

The net flow module is structured in such a way that it guides the user through the
calculation procedure and the determination of the design flow Qpgs, which is the relevant
quantity for further calculation. By calculating and visualizing all the necessary values, the
entire procedure is facilitated. In Appendices A-C, there is an explanation of the calculation
process in this module.

The calculation procedure begins with the entry of data for the flow duration curve
(FDC), where the data of the flow duration curve from 0-100% is entered in the cells
provided for this with a step of 5% [42]. After entering all values, the FDC is graphically
displayed and the average flow rate Qay is calculated. The user interface of the calculation
procedure for the FDC and average flow is presented in Figure 10.

¢ Hydro project

Financial
and
economic

Sensitivity
analyse

Module 1: Net flow
Duration [%]

0.0%
5.0%
10.0%
15.0%

20.0%

30.0%

Flow rate [I/s]

Default

Net flow rate [I/s]

Module 2.

Average flow rate: 1773.4 [lis]
Ecological flow rate: 177.343 [I/s]

Design flow rate: 1393.0 [I/s]

Flow duration curve

Figure 10. The user interface of the calculation procedure for the FDC and average flow.
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The ecological flow Qgco is an item that must be included in the calculation procedure
since it is necessary to meet the ecological requirements [43]. Some of the methods that can
be used in the calculation are given in Appendix B. The user interface for calculation of the
ecological flow is presented in Figure 11.

¢ Hydro project

Ecological flow determination

Enter value 10

Calculate net flow rate Plot Figurs;

Net flow duration curve
20,000 4 — Flow
Net flow
— Ecological flow

17,500
15,000
12,500

z 10,000

Flow [I/s]

7500

5000

2500

[] 20 40 60 80 100
Duration [%]

Figure 11. The user interface of the calculation procedure for the ecological flow.

In the software, it is possible to choose the method of calculating the flow of the
ecological minimum, and it is up to the user to decide which method to use. The ecological
minimum flow can be calculated in two ways:

e  According to the desired share in the calculated average flow.
e  Direct user input of the desired value.

The selection of the two mentioned methods of calculating the flow of the ecological
minimum takes place using the drop-down menu.

Further calculation includes the calculation of the net flow (the flow entered in the
flow duration curve minus the flow of the ecological minimum at each moment of the flow
duration) and defining the value of the designed flow.

The user has the option of choosing two methods of calculating the design (project)
flow Qpgs, as shown in Figure 12:

e  Direct manual input of the designed flow value.
e  Calculation of the value of the designed flow according to the duration in the flow
duration curve.

¢ Hydro project

Design flow rate determination

Enter value 2 =

Calculate design flow rate Design flow rate: 1393.0 [U/s]

Prot Figure

Hydro power plant LDC

20,000 —— Net Flow

17500 Design flow

15,000
12,500

10,000

Flow [l/s]

7500

5000

2500

Duration [%]

Figure 12. The user interface of the calculation procedure for net/designed flow.
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Regardless of the method chosen for determining the design flow, the software graphi-
cally displays curves to the user, based on which the correctness of the data can be observed.

3.3. Net Head Module

In the net head module, the task is to determine the flow losses in the supply struc-
tures [44-47], in accordance with methodology presented in Appendix D. The input data
for the calculation includes the natural geodetic head hggo that the user enters, and the
previously calculated design flow Qpgs.

The first step in this calculation module is the selection of the type of power plant, i.e.,
run-of-the-river or diversion SHP. If it is run-of-the-river SHP, depending on the location
conditions, it is not necessary to calculate the head losses. If it is a diversion SHP, it is
necessary to calculate the flow losses since the lengths of the supply structures can often
be very large. It is possible to increase the natural geodesic head with a dam, which is
also made possible by the software. The next step in the calculation is the entry of the
measured geodetic head at the location. To this value, if the user has chosen the existence of
a dam, the value of the hydraulic height of the dam is added to obtain the total value of the
geodetic head. By selecting and entering these parameters, it is possible to continue with
the calculation of flow losses, where it is necessary to choose the actual type of structure—
channel or tunnel—with an open water surface or under pressure. The selection is made
before the loss calculation itself, and the user is enabled to calculate the selected option.
When calculating the losses of pressure in channels/tunnels, the user is required to enter
the length of the channel/tunnel, the design velocity, roughness, and the coefficient of
local losses. Based on these data, the diameter of the pipeline, as well as line and local
flow losses, are calculated. The sum of these two losses gives the total losses, and they are
subtracted from the given total geodetic head. It is the same with the calculation for supply
structures with an open water face, with the difference that it is necessary to specify the
dimensions of the channel/tunnel since the losses depend on the shape of the cross-section
and other relevant parameters. It is left to the user to choose which cross-section will be
used; it is possible to choose between square, circular, and trapezoidal cross-sections. It
should be noted here that for the same imposed conditions of designed flow and geodesic
head, the losses in supply structures with an open water face will be lower compared with
the losses calculated in pressurized supply structures.

The user interface of the calculation procedure for flow losses, i.e., net head hNgT is
presented in Figure 13.

3.4. Turbine Module

In this software module, the user determines the desired type of turbine in accordance
with the parameters of the geodetic head and the design flow, with an overview of all
relevant parameters of each type of turbine that can be selected in the software. By choosing
the appropriate turbine, the user directly affects the resulting power of the plant, and the
investment costs related to the plant itself. In order to simplify the turbine selection process
for the user, two possible ways of consideration are available. The first includes the proposal
of turbines whose working area corresponds to the parameters of the geodetic head and
the design flow, and the second is the selection of the appropriate type of turbine according
to the turbine selection diagram.

After deciding on the appropriate turbine for application in a specific case, the user
is required to define the type of turbine via a drop-down menu. By selecting one of the
offered types of turbines, the user can view data on the efficiency of the turbine, i.e., the
efficiency curve of the turbine. Such a curve shows the efficiency of the selected turbine at
a certain percentage point of the designed flow, which defines all relevant parameters. The
data used for the efficiency curve of the turbines used in the software may differ from the
actual data due to the existence of a large number of different machines belonging to the
same turbine group. Due to this, the user is enabled to correct the previously entered data
of the efficiency curve of the turbine if they have a higher quality data set or data obtained
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¢ Hydro project v.2.0.

directly from the manufacturer. The correction is applied through the drop-down menu
and by opening the possibility of entering the efficiency value for a certain percentage of
the design flow.

§ Hydro project v.2.0.
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Figure 13. The user interface of the calculation procedure for flow losses, i.e., net head.

The user is also able to choose the number of turbines that are planned up to a
maximum value of 10 turbines. For each of the turbines, it is necessary to enter what
proportion of the design flow they take, and what is the minimum flow through each
individual turbine. By entering the specified parameters, a diagram is displayed on which
for each selected turbine the surface of the share of flow that they take over at a particular
moment of the flow’s duration is drawn. The user interface of the turbine module for users
(decision-makers, potential investors, and stakeholders) is presented in Figure 14.
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Figure 14. The user interface of the turbine module.
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3.5. Turbine Selection Module

The turbine selection module is directly related to the previous turbine module and
serves as an auxiliary module to guide the user in selecting the appropriate turbine accord-
ing to the turbine selection diagram, i.e., the declared working areas of individual types of
turbines. The data used to create the turbine selection diagram was taken from data on in-
dividual types of turbines, as well as measured or calculated values of previously available
turbine selection diagrams. Deviations in the entered values of the diagram for the selection
of turbines are possible; however, it is estimated that the values are accurate enough to
correctly decide on the appropriate type of turbine in a particular case. Nonetheless, it is
necessary to take into account that the actual data of the turbine manufacturer may differ
and go outside the marked working areas of the particular type of turbine. Since collecting
data on all individual turbines of each manufacturer of the same type of turbine is not
possible, a solution is resorted to that fits and significantly simplifies the process of selecting
the appropriate machine. It should also be noted that with some turbines, the operating
area is determined according to the manufacturer’s data. Examples of this include the DIVE
and VLH turbines, where data on the working area is publicly available on the Internet
addresses of individual manufacturers. The turbine selection diagram is made in logarith-
mic scale on both axes, where the abscissa axis indicates the flow and the ordinate axis the
geodesic head that can be used. As can be seen below, the basic possibilities of displaying
sizes in the diagram have been extended by programming code to achieve a higher level
of interaction with the user. The diagram contains all the turbines that can be used in
the software, the lines indicating the power of the turbines, and the display of previously
calculated or entered operating parameters of the plant (design flow and geodetic head).
The mentioned parameters are entered or calculated in the previously described software
modules and are taken as such to represent the possible operating point of the plant. A
higher level of interaction is achieved by adding programming code that allows the user
to “hide” the characteristics of all turbines shown on the diagram. Specifically, the initial
presentation of the diagram with the characteristics of all turbines seems quite confusing
due to the large number of lines, and it seems quite a difficult task to determine in which
operating area the operating point of the plant falls, as shown in Figure 15. Precisely for this
reason, it is possible to “hide” the characteristics of each individual turbine, which makes
the selection of the appropriate turbine significantly simpler. The mentioned function of
the module is made possible, as mentioned earlier, by adding the corresponding program
code which, with the help of the associated checkbox elements, removes the characteristic
or displays it in the diagram.
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Figure 15. The turbine selection diagram in the turbine selection module.
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In the diagram above, the turbines are marked with different colors according to the
legend in Figure 16.

CrossFlow
DIVE
Francis
Kaplan
Pelton
Turgo
VLH
Calculated values

B & &R R R E

Figure 16. Presentation of the legend for the turbine selection diagram.

The data used for the turbine selection diagram is also the starting point for the
function by which the software automatically suggests to the user the turbines that can
be used according to the operating point parameters of the SHP. For example, for the
parameters shown in the diagram above, the software suggests the use of Francis- or
Turgo-type turbines, which corresponds to the visual representation in the diagram. This
procedure provides the user with a further simplification of the selection of an appropriate
turbine and serves as the first step for orientation. The result of this function is printed in
the turbine module. This module contains a quick link to return to the turbine module.

3.6. Energy Production Module

The energy production module calculates the final annual amount of electricity produced.

Before calculating the total amount of energy produced during the year, the user is
shown all the parameters of the plant for each individual turbine, depending on the number
of turbines selected. Net head and flow inputs are taken from previous calculations, as well
as turbine data. The user is required to define the efficiency of the components that affect
the energy production after the turbine:

e  Generator efficiency;
e  Transformer efficiency;
e  Transmission efficiency.

Additionally, it is necessary to define the time during which a SHP is out of operation,
since the total amount of energy produced is calculated for 100% availability of the plant.
In the further steps of this module, the user is not required to enter any further parameters.
In the continuation of the module, it is possible to display all relevant parameters of the
plant, as well as a comparison of the plant with the selected turbine and a plant with other
turbines that can operate in the defined area (net flow and net head).

More about the energy production module can be found in Appendix E. The user
interface of the energy production module is presented in Figure 17.
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Figure 17. The user interface of the energy production module.

3.7. Investment Module
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By estimating the investment costs based on the entered and calculated technical
parameters, the basis for further economic analysis and evaluation of the project is realized.

Investment costs are divided into groups and the following are considered [44-47]:
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Dam construction costs;

Costs of construction of the catchment structure;
Construction costs of the power plant building;
Turbine, generator and transformer costs;

Costs of supply and drainage structures;

Costs of other mechanical and electrical equipment;
Cost of work, services, and design.

Due to the relatively large possibility of error in the calculation of the cost of each
individual group, the user is left with the option of correcting the cost of each group
according to the desired /obtained data. Of course, equally, even with corrected data, there
is a possibility of making an error in the investment calculation. Entering other parameters
is actually not necessary, since the calculation of investment costs itself is automated, but
it depends on the wishes of the user. More about the investment module can be found in
Appendix F.

3.8. Financial and Economic Module

The financial and economic module is included in the tool to display all relevant
parameters of the financial and economic evaluation of the plant. This module requires a
relatively large number of data to enter since there are a large number of parameters that
depend on the user’s judgment. The module uses the data obtained from the previous
investment module for the calculation of cash flows in selected time periods, while defining
other necessary data.

Other required data for entry includes data on the credit, expected lifetime of the plant,
plant costs, plant production, and income generated based on prices from the Tariff System
for the production of energy from renewable sources.

Changes in costs over time are also included in the calculation in order to get as
realistic a picture and display of results as possible. Of course, costs that are considered not
to be included in the calculation should be set to zero.

More about the financial and economic module can be found in Appendix F.

The user interface of the analysis module for users (decision-makers, potential in-
vestors, and stakeholders) in Croatia is presented in Figure 18.

¢ Hydro project v.2.0, - ] X
Module 6: Economic assessment o
Annual energy generation: 1061093.81 [kWh]
Nominal power: 337.0 [kW]
2022. 2023. 2024. 2025. 2026. 2027. 2028. 2029. 2030. 2031. 2032. 2033. 2034. 2035.
Credit cost -5236515€ -65928.8 € -65,928.8 € -659288€  -659288€ -659288€ -65928.8€ -659288€ -659288€ -65928.8€ -659288€ -659288€ -65928.8¢€
Income 1385789 € 1385789 € 1385789 € 1385789€ 1385789€ 1385789€ 1385789€ 1385789€ 1385789€ 1385789€ 1385789€ 1385789€ 1385789€
Maintenance cost 20,000.0€ 20,100.0€ 20,2005 € 20301.5€ 204030€ 205050€ 206075€ 207105€ 208141€ 209182€ 210228€ 21,1279€ 212335€
Insurance cost 6000 € 6030.0€ 6060.1 € 60904 € 61209€ 61515€ 61823 € 6213.2€ 62443 € 62755€ 63069€ 63384 € 6370.1€
Wage costs 9000 € 9045.0€ 90902 € 91357 € 91814€ 92273 € 92734 € 93198€ 93664 € 94132€ 94603 € 95076 € 9555.1 €
Operation cost 7000 € 7035.0€ 70702€ 71056 € 7411 € 71768 € T2127€ 72488 € 7285.0€ 73214€ 7358.0€ 73948€ 74318€
Other costs for intangible assets 8000 € 8040.0€ 8080.2€ 81206 € 8161.2€ 82020€ 82430€ 8284.2€ 83256 € 83672€ B8409.0€ 8451.0€ 84933 €
Amortization of intangible assets 30,504.0€ 30,5040 € 30,504.0 € 30,5040€ 30,5040€ 0 0 0 0 0 0 0 0
Amortization of civil works 89,797.0€ 89,797.0€ 89,797.0€ 89,7970€ 89797.0€ 89,797.0€ 897970€ 897970€ 89797.0€ 897970€ 897970€ 89797.0€ 89797.0€
Amortization of equipment 219204.0€ 219204.0€ 219204.0€ 219204.0€ 2192040€ 2192040€ 219204.0€ 2192040€ 2192040€ 219204.0€ 2192040€ 2192040€ 219204.0€
Other costs 7000 € 70035 € 7007.0€ 70105 € 70140€ T70175€ 7021.0€ 70245 € 7028.0€ 70315€ 7035.0€ 70385 € 70420€
REVENUES 1385789 € 138,578.9 € 138,578.9€ 138,578.9€ 138578.9€ 138578.9€ 138,578.9€ 138578.9€ 138,578.9€ 138578.9€ 138,578.9€ 138578.9€ 138578.9€
EXPENSES 57,0000 € 57,253.5€ 57,508.2€ 57,764.3€ 58021.6€ 58280.1€ 585399€ 58801.0€ 59,0634€ 659327.0€ 595920€ 59,858.2€ 60,1258¢€
CASHFLOW 81,578.9€ 81,3254 € 81,0706 € 80,8146€ 80557.2€ 80,2988€ B80,0389€ 79777.9€ 795154€ 79251.9€ 789869€ 78,7206€ 78453.1¢€
Tax base -799,827.9€ -501,0204 € -401,7400€  -352,342.2 € -322,897.9 € -272,926.5 € -259,160.6 € -248,958.2 € -241,131.7 € -234,968.1 € -230,014.1 € -225,967.2€ -230,548.0 €
Tax -159,965.6 € -100,204.1 € -80,348.0€ -704684€ -64579.6€ -545853€ -51,8321€ -49,791.7€ -48226.3€ -46993.6€ -460028€ -451934€ -46,1096¢€
Cash flow after tax 2415444¢€ 1815294 € 1614186 € 151,283.0€ 145136.8€ 134884.1€ 131,871.1€ 129569.5€ 127,741.8€ 1262455€ 124989.7€ 123,914.1€ 1245626¢€
Profit 1756157 € 115,600.6 € 95489.9 € 85,354.2€ 79,2081€ 689553€ 65942.3€ 63640.7€ 61813.0€ 603167€ 590609€ 57,985.3€ 1245626¢€
NPV 163,715.6 €
IRR 13.0 % Y
<H>

Figure 18. The user interface of the analysis module.

3.9. Sensitivity Module

The sensitivity analysis of the plant produces results with a change in relevant plant
parameters, for example, changes in income from the plant’s production or changes in the
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price of the plant’s investment. With this approach, the allowed economic margins of the
plant are displayed, and the best and worst outcomes are shown in accordance with the
given data. In the sensitivity analysis, for the sake of simplicity, the intervals of changes
in income from electricity production and changes in the price of plant investment are
predetermined and cannot be changed. The tool automatically displays the movement of
the internal rate of return, the net present value, and the investment payback period in
relation to the change of the previously mentioned input parameters that are changed.
The user interface of the sensitivity module is presented in Figure 19.
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Figure 19. The user interface of the sensitivity module.

4. Software Verification

In order to determine the level of accuracy of the software, it is necessary to obtain an
example on which the developed methodology and tool will be tested. The example with
the corresponding calculation of technical and economic parameters is taken from [22],
since it contains all the necessary parameters for input into the software. It is also possible
to check and compare the obtained results with previously calculated data.

4.1. SHP Korana 1

The SHP Korana 1 is located in the immediate vicinity of the Karlovac town on the
Korana River, as shown in Figure 20 [22]. The Korana River flows out of the Plitvice Lakes,
and its course is about 134.2 km long with a height drop of 425 m, with an average drop of
3.17%o [22]. The Korana River has a smaller number of tributaries and a relatively stable
flow of water and does not have a torrential character.
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Figure 20. Location of SHP Korana 1 [22].

Historically speaking, a hydromill was built on the site in 1856 to be replaced by
an industrial SHP during the Second World War, with the construction of a powerhouse
and an overflow dam. With the aforementioned construction of the dam, a total head
of almost 2.8 m is realized. Due to the weather factor, the dam had to be renovated
in order to obtain satisfactory conditions again. This location has exceptional potential
for the implementation of a SHP project at relatively low costs since the dam has been
reconstructed and the foundations of the power plant building and the turbine chamber
are in usable condition. According to [22], the plant type is run of the river with low-head.

4.2. Input Data

To evaluate the performance and accuracy of the results that will be obtained with
the developed software, the same input data as in [22] were taken, including data on the
flow duration curve, the design flow, and the available geodetic head. The selected location
has a relatively stable flow with slower changes and is therefore suitable for exploiting
the available hydropower potential. The measured and calculated flow values range from
300 to 7.5 m3, with an average flow value of 63.2 m3. The flow duration curve for the
location is presented in Figure 21 [22].
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Figure 21. Flow duration curve at SHP Korana 1 location [22].
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Since this location involves the revitalization of the existing plant, and the parts that
determine the maximum flow through the plant are in good condition, the maximum value
of the design flow will not change, and the previously selected value of the design flow of
the plant of 17 m>/s will be kept. The preliminary calculation will be made with the value
of the geodetic head according to the data from [22], whose value is 2.7 m. This calculation
will show the accuracy of the software and indicate any necessary corrections.

4.3. Results

According to the given data, the tool recommended the selection of a VLH turbine;
however, it is also possible to select a specific type of tubular turbine that would achieve
satisfactory results. In accordance with the recommendation of the tool, a VLH turbine
was chosen for the location, although according to the manufacturer’s data, it has lower
efficiency in operation. A minimum flow value of 7.6 m3/s is selected for the specified
turbine with a maximum turbine efficiency of almost 86%, as shown in Figure 22.
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Figure 22. Operation of the selected VLH turbine.

According to the given data, the value of the required maximum turbine power of
383 kW, the nominal plant power of 344 kW, and the average plant power of 312 kW is
obtained. The total electricity produced according to the selected parameters of the plant
is 2298 MWh. Visible differences in the calculation according to [22] and the developed
software may be the result of different data on the efficiency of the turbine. The differences
in the calculation results are shown in Table 3.

Table 3. Presentation of the difference in the calculated results.

Parameter From [22] New Software Difference [%]
Selected turbine VLH VLH -
Maximum turbine power [kW] 380 383 0.7%
Nominal power [kW] 368 344 —6.5%
Average power [kW] 377 312 —17.2%
Electricity produced [MWh] 2768 2298 —16.9%

After calculating these parameters, it is possible to access the economic analysis of
the planned plant. As mentioned earlier, it is about the revitalization of a SHP, and certain
parts of the plant meet the conditions for a revitalized state, so they will not be changed.
Therefore, the dam and the existing infrastructure do not need to be changed or revitalized.
The necessary works include revitalization due to the change of turbine type and the
construction of a new powerhouse.

The results show a certain difference in the calculation. In [22], it was stated that
the exact information of the turbine manufacturer on the cost of turbine equipment and
accompanying turbine equipment was obtained. Thus, the total cost calculated with the
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software is HRK 10.45 million (7.53450 HRK = 1.00 EUR), which differs by 2.5% from the
cost obtained in [22].

Further economic analysis, along with the calculated costs of maintenance, employees,
and other material and non-material costs, shows that this type of plant revitalization is
unprofitable. The investment return period is very long and amounts to almost 18 years
with an internal investment return rate of 3%, as shown in Figure 23. Due to these results,
it is concluded that it is necessary to select another type of turbine, preferably a tubular
turbine that can work within the specified parameters. This would significantly reduce the
cost of investment in an expensive VLH turbine.

=
/

T T T T T T T T T T T T T T T T T / T T T T
T W YOO SO0 TS W AU - WO < WO 1044142434415 A6A7-148-19.-20..24..22..23..24..25
-

/
/

Years
Figure 23. The investment return period (7.53450 HRK = 1.00 EUR).

5. Conclusions

Proper design of a SHP, based on the previously mentioned advanced technical solu-
tions regarding the civil and electro-mechanical elements of SHP and environmental protec-
tion, using software tools for techno-economic analysis and effective legal /administrative
procedures, should meet the basic principles of sustainable development, i.e., the invest-
ment should be designed and made in technical terms, in accordance with the applicable
standards and regulations, provide certain economic benefits, and guarantee the absence
of environmental hazards. The end product is a remarkably long-lasting, reliable, and
potentially economical source of clean energy.

The development of a software for the techno-economic analysis of a SHP aims
to improve the status of SHP projects and increase interest in this type of project. By
presenting not only the potential technical outcomes, but also the economic parameters,
the profitability of such plants in the considered cases will be indicated. Of course, the
profitability of the plant will depend primarily on the available parameters of the geodetic
head and flow at the location. This software provides the possibility of a quick calculation
of the location parameters and lays a good foundation for a more detailed analysis of the
plant in the further steps of planning appropriate solutions. By testing the software, certain
differences in the results compared with previously performed calculations are noticeable,
both in the technical part and in the economic part. However, it is necessary to take into
account that the tool provides satisfactory estimates of investment costs in the economic
part, since the calculation is based on general equations for each component of the plant.
In both calculations, only the same flow duration curve and geodesic head were used as
starting data.

The primary aim of this paper was to present a new software and the theoretical
basics (equations) incorporated into it. The next step is more extensive simulations for
different cases. The possibilities of upgrading the software will also be explored, pri-
marily with additional equations in individual modules, in order to further expand its
application possibilities.
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Appendix A. Flow Duration Curve

The flow duration curve (FDC) presents the average daily flow values related to the
frequency of the occurrence of the same flow values during the observed time period. It
is necessary to take a measurement period of flow as long as possible in order to obtain a
more precise FDC. The measured flow values during the time period are represented by
the hydrograph, as shown in Figure A1 [42].

200 400 600 800 1000 1200 1400 1600 1800

Day

Figure Al. An example of a hydrograph [42].

Then, the daily average flow values are classified by amount. The same daily average
flow values have the ordinal number m and it is possible to calculate the probability of
occurrence of a certain flow according to:

m
P= CEER 100 (A1)

where 7 is the total number of collected daily values. The obtained FDC is presented in
Figure A2 [42].
The mean arithmetic value of the flow duration curve is calculated according to:

1 ¥=100%
Qav== ) Qs (A2)
n =0%

where 7 is the number of items Qyv, in the range 0-100% with a variable step of k = 5%.
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Figure A2. The flow duration curve [42].

Appendix B. Flow of the Ecological Minimum

In accordance with ecological requirements, it is not possible to completely divert
the natural flow of water into a hydropower plant and return it in the downstream part
of the river bed. By keeping a certain amount of water in the natural river bed, both the
preservation of plant and fish species is ensured, and the requirements of other users of
water resources are met [43].

The flow that should be passed through a natural river bed is called the ecological
minimum or ecologically acceptable flow. More than 200 different calculation methods are
in use to determine the mentioned flow.

Appendix B.1. Methods Based on Hydrological or Statistical Values

In methods based on hydrological or statistical values, the value of the ecological
minimum depends on the statistical values of the flow of a certain water course, as shown
in Table Al. These methods are easy to apply, assuming that the user has high-quality data,
and enable the integration of natural deviations in the data.

However, it is important to note that with these methods it is possible to obtain too
small flow values of the ecological minimum Qpco. Furthermore, methods based on
hydrological or statistical values do not take into account the hydraulic parameters of the
flow or the influence of tributaries when calculating the flow of the ecological minimum
Qkco- These methods are not considered suitable for the case of mutual influence of two
watercourses. Some of them are shown in Table A1 [43].

Table A1. Methods for the calculation of the ecological minimum based on hydrological or statistical
values [43].

Method

Equation Description

Method 10% of average
flow value

The flow of the ecological minimum must be greater than 10%
of the average value of the flow Qay. Attention should be
paid to the fact that there is a temporal change in the flow of

Qeco = 10% x Qay (A3) the ecological minimum Qgco. In order to meet the stated
conditions, it is necessary to continuously measure the flow at
different sections of the water flow, which makes this method
demanding.
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Table Al. Cont.

Method

Equation Description

Lanser’s method

The calculation of the flow of the ecological minimum is set in
a certain interval, more precisely between 5 and 10% of the
mean value of the flow Qay.

OMIN = 5% x Qav (Ada)
QX = 10% x Qav (Adb)

It suggests considering the importance of the fish population

Jager’s method Qrco = 15% x Qay (A5) in the watercourse; the flow of the ecological minimum is
calculated as 15% of the mean value of the flow Qay.
It takes into account the economic importance of fishing in a
_ o certain watercourse. In case of a high economic importance of
The Montana method Qeco = 40 = 60% x Qav (A6a) fishing, Qgco is calculated for an interval 40-60% of the

Qeco = 10% x Qav (A6b) average flow Qay, while in case of a small economic

importance of fishing, Qgco is calculated as 10% of the Qay.

Steinbach’s method

Qgco is calculated in such a way that it must be equal to the
minimum average flow Qaymin, taking into account a longer
period of time and the seasonal distribution, i.e., the division
into summer and winter periods.

QEco = QAV,min (A7)

Rheinland-Pfalz method

Calculation of Qpco is set in a certain interval, more precisely
between 20 and 50% of the minimum average flow value

QAVmin-

QMIN = 20% X QA min (A8a)
QN = 50% X QAV,min (A8D)

Alarm limit value method

It imposes the calculation of Qpco as the flow needed to
ensure the ecological requirements of the watercourse in the
amount of 20% of the flow that occurs at least 300 days a year

Q300-

QEco = 20% x Q3o (A9)

Sawall and Simon method

Qgco is calculated in the interval of 7-100% of the minimum
average flow in the month of August Q' sy, taking into

account the longer time period of flow measurement.

QMIN = 7% x le{;} v (Al0a)
Qlﬁ/{c% = QAVavG (A10b)

The method of fitting with
the flow duration curve
(Fitting to FDC)

It prescribes Qgco in such a way that the amount of flow
Qgco is calculated as the mean value of the difference of the
flow between dry and rainy years which is present for more
than 84% of the duration of one year. The differences between
the flow duration curves for dry and rainy years are
particularly pronounced in some geographical areas;
therefore, it is possible to observe significant differences in
flow values Qga9,. Qgao, s represents the value of the flow that
is present for 84% of the duration of the dry year, and Qg9 x
represents the value of the flow that is present for 84% of the
duration of the rainy year.

Qrco = M (A11)

Appendix B.2. Comparative Analysis of Methods Based on Hydrological Values

A comparative analysis of methods based on hydrological or statistical parameters
is made to show the requirements of each method on the flow value of the ecological
minimum. For analysis, a watercourse is taken, for which the corresponding FDC is
presented in Figure A2. Results of comparative analysis are presented in Figure A3.

It is evident that Steinbach’s method has the highest requirements related to the flow
value of the ecological minimum, where a high value of the flow of the ecological minimum
is necessarily imposed. Along with the Steinbach method, the Montana method also has
the same value of the maximum flow of the ecological minimum. The Sawall and Simon
method, the Montana method, and the Rheinland-Pfalz method have a fairly large interval
of the limits of the minimum and maximum flow values of the ecological minimum, which
enables the user to select values within the interval and optimal design in accordance with
energy, economic, and environmental requirements. The Sawall and Simon method has the
lowest calculated value of the lower flow limit of the ecological minimum.
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Figure A3. Minimum values of ecological flow for the mentioned calculation methods.

Appendix B.3. Methods Based on Water Depth and Velocity

These methods of determining the flow of the ecological minimum include the mea-
surement of the flow value, more precisely, the velocity of the water flow and the depth of
the water. Some of them are shown in Table A2 [43].

Table A2. Methods for calculation of the ecological minimum based on water depth and velocity [43].

Method

Equation Description

Steiermark method

The flow rate and water depth are measured in the area
between the partition and the drainage system. The set
conditions determine that:

e  the water velocity in case of residual flow must not fall
below the level of 0.3-0.5 m/s;
e the minimum water depth must be greater than 0.1 m.

MIN _ _MIN
Qﬁgg - UM Ax X Itw X busg (Al2a) oMIN and oyMAX are the minimum and maximum inlet
Qpco =7 X hw X bysg (A12b) velocity, hy is the minimum water depth, and bys is the

useful water depth. This method also provides an interval
of values within which the flow value of the ecological
minimum must change. The results obtained are within the
limits determined by the given input speeds since they are
the only variables in the above equations. Choosing the
correct value in the interval depends on the user.

Oregon method

The requirements of the Oregon method differ significantly
from the Steiermark method, with measurements being
made on the depleted portion of the watercourse. Relevant
conditions are also related to the inlet velocity of the current
within the limits of 1.2-2.4 m/s, and the water depth within
the limits of 0.12-0.24 m. vMIN and vMAX are the minimum
and maximum inlet velocity, BNI™ and 1}AX are the
minimum and maximum water depth in the exhausted part
of the water flow, and bysg is the useful water depth

QMIN = oMIN 5 pMIN % byg (Al3a)
QM = oMAX 5 BNAX ¢ bgg (A13b)

Oberdsterreich method

It imposes a condition only on the water depth in the

Qpco = v x hw x busg (A14) exhausted part of the water course, which is 0.2 m.
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Appendix C. Net Flow Calculation

Net flow is calculated based on the flow value minus the ecological minimum flow
value for each item in the flow duration curve:

ONETx% = Qx% — Qrco (A15)

where QNgT X9 indicates the net flow for the defined step (0-100), Qye, the flow value
according to the data for the flow duration curve, and Qgco the previously calculated flow
of the ecological minimum. After obtaining the results, it is possible to design the net flow
duration curve.

Calculation of the Flow of a SHP

By calculating the flow of a SHP, the value of the design flow is determined, which is
used in the further steps of the calculation to obtain the final target parameters. Defining
the design flow directly influences the selection of the turbine for the planned plant, where
it is necessary to take into account other influential parameters such as the available
geodetic head.

The designed flow can be determined in two ways:

e By direct calculation from the given data in the flow curve;
e By manually entering the desired value of the designed flow.

Appendix D. Net Head Calculation

When considering the project of a SHP, it is certainly necessary to take into account
flow losses in the supply structures in order to correctly dimension the turbine. Flow
losses occur due to the roughness of the structure, changes in the flow direction, and other
irregularities. In the following, the methodology for calculating flow losses for pipelines
and channels with an open water face are presented.

Total head losses are calculated according to:

hNer = hceo — hpip(cha) (A16)

Appendix D.1. Flow Losses in Pipelines

Flow losses in pipelines are to a certain extent greater than losses in open channels.
Flow losses are divided into line and local losses to obtain the total amount of losses.
Table A3 presents equations for the calculation of flow losses in pipelines [44].

Table A3. Equations for the calculation of flow losses in pipelines [44].

Type of Loss

Equation Description

Line losses

Lpyp is the total length of the pipeline, Qpgs is the
designed flow, K; Strickler’s roughness, and Dpyp is
QZ . . .
hon = 10.29 X Lppp X ¢35 (A17) the selected diameter of the pipeline calculated
T according to the designed flow and the given speed
of water flow in the pipeline.

Local losses

UCOR is the corrected speed of water flow in the
pipeline calculated as a function of the selected

hoL = o X U%Z:ER (A18) diameter of the pipeline vcor = f(Dprp), « is the
size factor of local losses, and g is the acceleration of
the gravitational force.

The total losses

hprp = hgy + har (A19) It subtracts from the total realizable geodetic head.
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Appendix D.2. Flow Losses in Open Channels

The procedure for determining flow losses in open channels [45] is significantly
different from the calculation of flow losses in pipelines. Table A4 presents equations
for the calculation of flow losses in open channels.

Table A4. Equations for the calculation of flow losses in open channels [45].

Type of Loss

Equation Description

Chézy-Manning equation

A is the cross-sectional area of the channel, S is the
slope of the channel, 7 is the Guckler-Manning

Q= M (A20) coefficient, and Ry, is the hydraulic radius of the
channel. Ry, is a measure of the flow efficiency in the
channel depending on the cross-section of the channel.

The hydraulic radius

Py, is the “wetted perimeter” of the channel under
consideration. It is necessary to achieve the largest
possible hydraulic radius of the channel in order to
achieve greater efficiency. Py is the sum of the length
of the submerged parts of the individual sides of the
channel.

BS

Ry, (A21)

I
-

L

Line losses in channels
with an open water face

Sy is the slope of the channel, Lcpa is the length of the
channel, and hy, is the flow loss in the channel, n—the
Gauckler-Manning coefficient.

For a square cross-section:

2.2
_ 'CHA
P = @ <) X hg + wg,

vcHA is the designed velocity of flow in the channel,

2 2
1+ % + S50 X LcHAa = Y2 + % + Iy, (A22)  hy is the height of the lateral sides of the channel, and

with y; =y, = const. and v; =v, = const.:  wy is the length of the lower side of the channel.
So x 1 =hy; S ="%;(A23) _ .
A ( A )2/3 « (LL )1/2 For a circular cross-section:
P I I~
ZL o (A29) P = DcHa X 7T X 7,
I = S (A25) e
n= 1 (A26) Dcpa is the diameter of the channel calculated
Qfls' 1;4 /3 according to the designed flow and the designed
h. = S (A27) velocity in the channel.

For a trapezoidal cross-section:

Q
ICHA
wp K +sin(/xDlK —90) e ) (cos (A’D'K —9[))Ik )
COS(ZXD,K 790)+ZUD,K 4

2cos apK X lk (

P =

apx is the angle between the side of the trapezoid Iy
and the lower base of the trapezoid wp x.

The minimum flow through the turbine QN T is the information provided by the
turbine manufacturer, and is calculated according to:

QMINT = ¢ X QDES (A28)

Appendix E. Calculation of SHP Parameters

In order to estimate SHP parameters, which are obtained from the input and calculated
data on the net head and the design flow, it is necessary to set up calculation expressions
that will obtain the power of the plant and show other parameters of the plant in operation.

The maximum power of the plant is calculated according to:

Pviax = Qpes X § X hNgT X 1 (A29)
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where Qpgs is the design flow of a SHP, g is the acceleration of the gravitational force, Ingr
is the net head, and 71 is the maximum efficiency of the selected turbine for the design flow.
Additionally, it is necessary to calculate the nominal power of the plant Pnowm according to:

Pnxom = 0.9Pmax (A30)

The electricity produced at each single moment of the flow duration and for each
individual turbine is calculated according to:

Eio, T = tWOR X 1G X TR X R X Pr X (Qxo — OMINT) (A31)

where twor is the operating time of the turbine (8760 h), g generator efficiency, #tr
transformer efficiency, nr transmission efficiency, Pr turbine, Qy9, flow at a particular
moment of flow duration, and QN minimum flow through the turbine.

The total electricity produced in the year Eygp is obtained from the expression:

i=0

Evea = (1—t9))_ Eo,1 (A32)
i-1

where {9, is the percentage of time per year that the plant is out of service.

Appendix E. Investment Calculation

The calculation of the investment in a SHP project requires an estimation of the costs
of all components based on empirical equations or curves obtained from the collection of
data on real investments. The calculation of the investment for a SHP needs to be connected
with the technical part of the calculation in order to obtain functional dependencies of the
size of individual components and costs as a result of given parameters. The accuracy of
the results is difficult to verify since each plant is a separate case where costs for similar
parameters can differ significantly. The cost of off-the-shelf parts can also be problematic
since equipment manufacturers are in most cases unwilling to give away the actual cost
of the equipment to be used. The problem also arises due to the relatively large market
where prices vary significantly; therefore, the total investment may vary depending on the
manufacturer of the required equipment. The empirical equations for calculation of the
cost of individual components of a SHP are given in Table A5 [44-47].

Table A5. The empirical equations for calculation of cost of individual components of a SHP [44-47].

Component Equation Description
Cpa =49, Q < 0.1 [m3 /s] (A33a) Coefficients ay—a3 are defined in accordance with the
y associated data and differ for each of the specified
Cpa = a2 X Q3+ 4 x Q+ ag, flow intervals.
Dam Q < 0.1[m”/s] (A33b)

Higher order equations are applied for other flows.

Cpa = a3 x Q¥ +a, x Q% +a1 x Q+ay,
1< Q < 10[m?/s] (A33¢)

Catchment structure

The coefficients a; and a differ for different flows and
depend on the application of a particular type of

Ccs = a1 X Acs + ag (A34) intake, and Acg is the area of the intake determined on
the basis of the given flow rate and flow speed in the
intake.

The power plant building

The coefficients a1 and ag are different for different

Cgy = @1 X Q™ (A35) flows.
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Table A5. Cont.

Component Equation Description
_ 2
Cru = a2 X Q°+ a1 X Q+ 4o, The classification of coefficients ag—ay is according to
Pelton < 500kW; (A36a) the calculated geodetic head
Cry = a1 x Q, > 500kW (A36b) & :
Francis Cru = a1 x Q%, < 500kW; (A37a) The classification of coefficients ayp—a; is according to
Cru = a1 xInQ + ag, > 500kW (A37b)  the calculated geodetic head.
Turbinetype r - - .
The classification of coefficients ag—a; is according to
— a;
Kaplan Cru = x Q% (A38) the calculated geodetic head.
Cross flow, The coefficients ay—a, change depending on the
DIVE, Turgo, Cry = ap x P" x H% (A39) number of installed turbines, P is the installed power
VLH of the turbine, and H is the calculated geodetic head.

Electric generator

The price of the electric generator is expressed as a
function of the installed power of the turbine. The
coefficients ag—a; are the same for all cases; however,

Cgg = a1 X P™ (A40) with a turbine power of less than 500 kW, it is taken
into account that the cost of the generator is included
in the cost of the turbine, and it is omitted from the
cost of the generator.

The coefficients ap—a; depend on the installed power

Transformer Crr = @1 X P+ a9 (A4]) of the turbine and are divided into three classes.
Pipelines Cprp = a1 X D +aq (A42) The coefficients ag—a; depend on the installed power
Canals Cepa = a2 X P x H® x x (A43) of the turbine.

Other mechanical and
electrical equipment

The coefficients ap—; depend on the number of
installed turbines. The final price depends on the
number of turbines installed, as well as on the power
of the turbines and the calculated geodetic head.

Coo = ap x PM x H% (A44)

Cost of work

Cra = (Cpa + Ccs + Cpy + Cru + Cgg + Ctr + Cprp/cra + Coo) X 10% (A45)

Cost of services and design

Cost = (Cpa + Ccs + Cpu + Cru + Cge + C1r + Cpp/cha + Coo) X 3%(A46)

Appendix G. Calculation of Economic and Financial Parameters

In order to evaluate projects, it is necessary to lay valid foundations for calculating the
economic parameters of the project in accordance with the given technical data and data
on the total costs of the plant. The financial and economic assessment of the project is of
great importance when it comes to making the final decision on the implementation of the
project. In accordance with the requirements, below is an overview of the methodology
used for the financial and economic evaluation of the project.

The income from the sale of produced electricity is the only income generated by the
plant, and represents the product of the total energy produced during the calendar year
and the purchase price of electricity in accordance with the tariff system for the production
of energy from renewable energy sources for the duration of the contract on the purchase
of electricity from renewable sources:

Ryga,pr = Eyra X Crgs (A47)

After the incentive tariff expires, it represents the product of the total energy produced
during the calendar year and the purchase price of electricity (EUR/kWh) in accordance
with market rules:

Ryga = Eyga % CNORMAL (A48)
Since the cost of the plant is high in most cases, it is difficult to obtain financing entirely

from one’s own resources, and the use of loans is required. With such projects, there is a
requirement to participate in financing from own funds in certain amounts. Accordingly,
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the required amount of the loan is the difference between the total amount of the investment
and the amount that needs to be settled with own funds:

Tro = Itor — lor (A49)

Equal annual loan installments are calculated from the total required loan amount
according to:
. (14)me
Ao =i7———Gic—
S (CEE TR

where i is the loan interest rate, 11 o is the number of periods, and Ay o is the calculated
annual annuity.

In order to obtain the relevant parameters for the project evaluation, it is necessary to
provide an overview of plant costs in the balance sheet, which includes maintenance costs
Top, insurance Tpg, employes Tz, plant costs Tpp, other material costs Tyiar, and other
costs Tosr-

Depreciation is the process of reducing the value of the company’s assets (with the
simultaneous transfer of that value to the corresponding accounts receivable) and is calcu-
lated annually according to the procedure provided for in the corresponding legal frame-
work. In financial analyses, the linear method of depreciation is most often used, which
determines equal amounts of depreciation costs. Accordingly, the annual depreciation
expense is calculated according to:

(A50)

T
Tam = —=, (A51)
MPER

where TR is the cost of a specific group (equipment, works, etc.), and npgg is the number
of periods during which depreciation is calculated for a particular group.
Total costs take into account all previously mentioned cost groups:

Tuk = Top + Tos + Tz + Tpo + Tmart + Tost (A52)

The difference between total costs and total revenues represents the profit of the
company (plant) that will be realized during the year:

Ipro = Ryga — Tuk (A53)

Profit tax is charged on the realized profit, in accordance with the legal framework.

The tax base for income tax represents the difference between realized profit, depreciation
costs, and loan interest:

Ipo = Ipro — Tam — ALO (A54)

Based on the calculated tax base, the profit tax is calculated according to the equation:
IPD = IPO X 20% (A55)

By reducing the realized profit for the tax base and the cost of paying the annuity of
the loan, the net amount of profit is obtained, which is used to calculate the parameters
necessary for the evaluation of the project. The internal rate of return of an investment is
used to assess profitability and does not include the influence of interest rates or inflation
in its calculation. The internal rate of return of the investment is the discount rate at which
the net present value of the costs (negative cash flows) of the investment is equal to the net
present value of the positive cash flows of the investment. As soon as the internal rate of
return of a certain project is higher, the investment is more desirable, and the probability of
its implementation is higher. Basically, any project whose internal rate of return is greater
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than the cost of capital is profitable and recommended for implementation. The internal
rate of return is calculated according to:

N Cn
NPV =) (A56)

=1+

where NPV is the net present value of the project, N is the total considered number of
periods, n is the considered period, Cy, is the cash flow in the considered period, and 7 is
the internal rate of return on the investment. Additionally, the basic analysis needs to show
the net present value of the project itself, and a simple investment return period that shows
the time period during which a specific investment will pay off, taking into account the net
amounts of cash flows. According to the statement, the simple investment return period is
calculated according to:
Itor

JEP Y0 INET (A37)
where INgT are realized cash flows during the period, and # is the number of periods that
need to be taken into account.
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