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Abstract

Motivated by the challenges induced by the so -called Target Model and the
associated changes to the current structure of the energy market, we revisit  two
different aspects regarding the everyday management of Small Hydropower Plants
(SHPPs) without storage capacity . The first focuses on determining an optimal
operational rule for a given turbine system , while the second confronts the problem
of day-ahead prediction of energy by looking for a credible forecasting model with
minimal data requirements and little complexity . The task of establishing an
efficient operational policy is addressed through extended theoretical analysis, in
which we investigate alternative configurations of potential turbine combinations.
In order to obtain generic conclusions, we provide a dimensionless formulation of
the turbine mixing and the power production procedure. The proposed operation
policy, next referred to as synergetic, is compared by using as reference a simpler
operation rule , the so-called hierarchical . On the other hand, for t he day-ahead
energy forecasting problem we use as example a typical run -of-river SHPP , in the
upper course of river Achelous ,Western Greece. Based on daily hydrological data
for a 39-year period, we test alternative forecasting schemes of varying complexity
(from regression -based to machine learning) that take advantage of different levels
of information. In this respect, we investigate whether it is preferable to use as
predictor the know n energy production of previous days, or to predict the day -
ahead inflows and next estimate the resulting energy production via simulation.

Our analyses indicate that the second approach becomes clearly more
advantageous when t he e kothdhe hydralogikahregimeand ge abo
the technical characteristics of the SHPP is incorporated within the model training

procedure. Beyond these, we also focus on the predictive uncertainty that

characterize such forecasts, with overarching objective to move be yond the

standard, yet risky, point forecasting methods, providing a single expected value

of power production. Finally, we discuss the use of the proposed forecasting

procedure under uncertainty in the real -world electricity market.
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1 Introduction

1.1 Motivation

The humanity has been consuming, as main sources for power, oil and coal , and
since there is a limit in their use, a need for alternative energy sources has been
created. Those are known to us as renewable sources and no matter their
peculiarities and additional challenges that these forms of energy production pose,
nowadays, humanity relies on them.

When we deal with energy production by renewable sources such as
Hydropower, Wind, Solar, Geothermal , on the one hand we develop and take
advantage of far cleaner forms of energy , t hus preserving our
balance, but on the other hand it does not nullify the fact that the associated
investments are generally more expensive, comparing to oil, coal, natural gas and
nuclear energy . Nevertheless, the key challenge that defines renewable energy is
the issue of unpredictability , which is even more amplified due to the lack of
means for energy storage .

Short -term scheduling of energy production is a of high importance for power
systems of all forms and scales. This task becomes even more crucial for the
renewable sources, which are governed by stochastic drivers, namely weather -
related processes (e.g., wind velocity, solar radiation, streamflow) . The
dependence between renewable energy production and weather prediction make
it particularly difficult to ensure a credible power supply scheduling.

The topic of our thesis is a specific type of hydroelectricity, which are referred
to as Small Hydropower Plants (SHPPs). Among several configurations of such
systems, we investigate th e most typical case, which are either in -stream or run -
of-river plants of negligible storage capacity. In particular, we revisit two
different aspects regarding the everyday management of SHPPs, namely the
optimal co -operation of their turbines, and the pr oblem of next day energy
forecasting. In this respect, our research objective is twofold. = The first is the
determination of generic operational rules across different turbine mixing
schemes, while the second focuses on minimizing the uncertainty which
accampanies SHPPs, by seeking for credible forecasting approaches for day-ahead
energy scheduling, in terms of a credible forecasting model with minimal data
requirements and little complexity

1.2 Research objectives

The main objectives, and at the same time novelties, of our research our
summarized as follows:

o improving a recently introduced analytical formula to approximate the full
range of commercial efficiency curve s;
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0 recognizing the shortcomings of the classical ¢hierarchical 6operational
rule , which is typically applied in SHPP simulations ;

o providing generic formulas for establishing a more effective operational
rule, in order to be applied in a wide range of turbine characteristics;

o approaching the problem of energy production forecasting from two
different point -of-views, direct prediction of energy through past values of
energy and indirect prediction of energy through discharge forecasting
models;
quantif ying uncertainties on forecasting erro r;

0 proposing an uncertainty -aware framework to take advantage of uncertain
forecasts in the context of energy market policies ;

1.3 Thesis outline

This thesis has been composedthrough ten chapters.

The first chapter is an introduction to our motivation for  the following re search
and the objectives which we will be focusing on and dealing with through it.

The second chapter summarizes the importance of Hydropower through the
years till our days and presents as well the various facilities we can construct in
order to benefit from this form of renewable energy. Also , it includes the essential
mathematical formulas to be used in next calculations.

The third chapter presents the various types of turbines, their technical and
operational characteristics along w ith some of their most important charts.  Also,
we present an analytical configuration of turbine efficiency curve s, as an extension
of the work by Sakki (2020) and Sakki et al. (2021).

The fourth chapter presents the calculations and metho dologies which take
place in order to create a new operational rule which can ensure higher energy
production comparing to the hierarchical one.

The fifth chapter revises to the new legal framework , named as oOTar get
and the various regulations behind it.  In addition , it summarized the research
progress so far on the topic of day -ahead energy forecasting in SHPPs .

The sixth chapter describes the study area and the hydrological information
which we collect and process, along with the technical characteristics of our  run -
of-river system.

The seventh chapter presents the different approaches of forecasting models and
their results through various diagrams  and tables.

The eighth chapter draws the attention on the modelling procedure in order to
include the issue of uncertainty in our forecasting model.

-28



The ninth chapter illustrates the computational implementation of the
algorithms that were built in the R environment, .

The tenth chapter summarizes the conclusions from our research and the future
perspectives to accompany its progress.



2 Hydropower as an essential renewable source

2.1 Historical background

Since the dawn of civilization, humans have come to the realization of
hydr opower 0s i mideusetobwatermills in®artient times for grinding
wheat into flour for more than 2000 years ag
pump as irrigation machine by the Egyptians and hushing, also known as
hydraulic mining, by the Romans are some examples of what impact water had in
our | ives and societyds evolution since the

The very first progress in the field of modern hydropower turbine was marked
in the mid -1700s by the French hydraulic and military engineer, Bernard Forest
deBeldor and his innovative book O6Architecture

In the 19 th century, the improvement of technological knowledge accompanied
by the work of French engineer Benoit Fourneyron, led to the replacement of the
open water mill to an enclosed turbine, as kn own to us today. It was James B.
Francis, a British -American engineer, the one who managed to improve the
turbineds operational efficiency up to 90 %,
optimization of turbine design , by means of applied scientific princ iples and testing
methods. Another breakthrough in the field of hydraulic turbines, was established
by Lester Allan Pelton, an American inventor, in 1870, after developing the high
efficiency Pelton wheel impulse turbine, which used hydropower from the hig h
streams characteristic of the Sierra Nevada, a mountain range in California.

More details about the operation of the above mention turbines and others which
have been later invented, are presented in Chapter 3.

2.2 Hydropower nowadays

2.2.1 Overview

One of the most efficient sources of renewable energy is Hydropower. To be more
specific, the ability of storing huge quantities of water downstream of a
advantageous mountain basin by the creation of dams or by extracting a part of
the natural river flow, through a diversion structure (Figure 2.1), proves how
flexible and wide applied this element of nature can be in order to produce energy.
Not only the various establishments of hydr.
properties, like density , affect its performance.

Each hydropower facility is driven by the kinetic energy and pressure of flowing
water as it streams through the penstock. This energy is a transformation of the
waterds gravity energy, w h i qdneatingsa highhvwaterr e d e t
level through storage) or by taking advantage the  favorable relief in mountainous
regions (Small Hydropower Plants). Hydropower plants include turbines and
generators, that are activated by the hydrodynamic energy and convert it into
electricity , which is then delivered to electrical grid in order to provide households,
industries and urban facilities with power
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Figure 2.1: Sketch of a hydropower plant which storages water due to a dam and also
provides safety measures in case of flood incidents (left), and a Small Hydropower Plant
(run-offri ver type), which is benefits (fightom the f a

2.2.2 Classificati on of hydropower plants

As it is implied from the previous paragraph, there are different type of
hydropower facilities by which we can take a
electricity.

a. Impoundment facilities are the most common type of hydropower  plant. As
main characteristics we should point out the use of dams in order to store the
water, that flows from upstream of the basin from different torrents, in a reservoir.

Also as an important difference comparing with the Small Hydropower Plants is
that impoundment plants are bigger facilities thus more expensive. Moreover,
since the outflow is manageable and can be controlled depending the demand and
the scheduling of the producer, impoundment plants can produce predictable
amount of energy. Last but not least, those type of facilities, can also play the role
of flood control safety plant, water supply and/or for irrigation needs.

b. Small Hydropower Plants (SHPPs) which are plants of  up to a certain power
capacity limit , which is specified from national standards, e.g., 15 MW, 30 MW and
50 MW, according to Greek, South America /USA, Canada/China and New Zealand

legislation law, respectively. Diversion facilities, also known as run -off-river
plants, are the most common type of SHPPs. The se have negligible water storage
and utilize the streamflow as it arrives by

leading it through a channel and then taking advantage of the height difference,

due to rough terrain, passing the flow through a penstock and the to the turbines
system for energy production. As a result, they have limited requirements from the
I nvest merspective, but their most important shortcoming is the lack of
storage capacity, thus the unpredictable quantity of water passing through the
turbine systems and produced energy. In order to face the above obstacle, day -
ahead energy forecasting methods should be established to minimiz e the uncertain
power production from S H P P. Ex@ept from run -off-river type, SHPPs can also be
settled downstream of large dams in order to take advantage of the environmental
flow, which is released from an independent intake, such as bottom outlet. Another
type of is$hd R stieam, which utilize the streamflow to produce energy
by install ing a low -head dam across large rivers (and, occasionally, channels) .
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2.3 Governing equations

The governing equation for electric power production via transformation of the
dynamic and kinetic energy of water is

0 (9@ g2 n (2.1)

where Ris the water density with a typical value for clean water of 1000 kg/m 39
is the gravity acceleration with a typical value of 9.81 m/s  2; g is the discharge; "Q
is the net or effective head, i.e. the dynamic energy, expressed as elevation
difference, after subtracting the hydraulic losses across the water transfer to the
turbine, which depend on ¢, and E i s total lefficiency of the electromechanical
system, that changes with ¢g. The issue of efficiency is been emphasized more in
Chapter 3. The Both 'Q and g may vary in time, and therefore so does AP. By
applying the Sl units for g (m3/s) and 'Q (m), the power Pis expressed in Joules
per second (J/s) or Watts (W).

The energy produced or consumed during a time interval [  #1, 2] is the integral
of P, i.e.

0 00Q0b (2.2)

After simplifications, we get the following formula, expressing the average
energy produced over a specific time interval

% wmiC 6 (2.3)

where Vis the water volume of that passes through the turbines during the time
interval [ 71, 2] and 'O and —{are the net head and efficiency during this period,
respectively, averaged over time.
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3 Hydro -turbine s: technology and operation

3.1 Key principles of hydro -turbine operation

By turbine system is implied a rotary mechanical structure that transforms
hydraulic energy (kinetic energy and pressure of water) to rotational kinetic energy
by which an electro -magnetic field is been activated (of low -voltage) through an
inductor inside the generator unit.

The turbine s and associated electromechanical equipment are hosted in the
power station .

In the case of impoundment systems (i.e., hydroelectric reservoirs and dams),
there are several options for location of the power station . Specifically :

A power stations installed close to the dam;
A power stations installed at a significant distance downstream of the dam;

A power stations installed at an adjacent river basin (inter  -basin water
transfer).

The typical case is the first, thus involvi  ng a penstock of relatively small length,
in order to minimize the friction losses and the environmental impacts. Yet, there
are cases where it is more advantageous to construct the power plant at a
downstream location in order to increase the available he ad. Apparently, such a
layout is economically efficient only when the river slope is large, so that the gains
from elevation difference exceed the hydraulic losses due to the water being
transferred at a long distance. An important issue to account for is the
environmental impacts, since the water does not return to the river just
downstream of the dam, as happens in typical configurations where the power
station is located close to the foot of the dam.

Another case is the installation of the power station in a neighboring basin,
where the water is transferred through a pipeline connecting the two basins. This
layout is preferred when there is a significant elevation difference between the
upstream catchment, in which the water is gathered, to the one downst ream,
where the power station is installed. Typically, in large  -scale inter basin systems
Pelton type turbines are used, as this option becomes economically efficient when
the head is large enough. However, if the transfer is implemented for other reasons
(e.g. if the principal objective is the transfer of water per se), then the head may be
small.

3.1.1 Turbine types

The turbines used in hydroelectric plants are classified into two categories,
according to their reaction degree (re), which is defined as the ratio of the
static pressure drop in the rotor to the static pressure drop in the stage

i. impulse turbines , re=0, (e.g. Pelton, Cross-flow, Turgo), with partial flow
impact and activation of only a specific area of the runner each time, take
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advantage of the kinetic energy of water falling from a large elevation (outflow to
the atmosphere); the flow velocity i s substantially amplified by passing water
through a nozzle;

ii. reaction turbines , re=1, (e.g. Francis, Kaplan, Deriaz, Bulb), with total flow
impact, operate under pressure, as the chamber of the runner remains completely
filled by water;

In the followi ng paragraphs are presented the main mechanical characteristics
of each turbine type:

The design of Peltonds turbine, whi ch was
engineer Lester Allan Pelton in 1889, lays on the philosophy of the traditional
overshot water wheel. Since 1767, it was well known that in order to have the
maximum efficiency in power production, the water should enter the wheel with
high momentum and exit with negligible velocity.

Taking this principal as a guideline, a Pelton wheel extract s high-speed jets of
water, that emerge through the injectors (their number can vary from one to six)
at atmospheric pressure, that hit the center of the bucket where the water jet is
divided into two streams. The two separate streams then flow alongthein  ner curve
of the bucket and leave in the opposite direction that it came in. Water leaving
those wheels typically still had high speed, carrying away much of the dynamic
energy brought to the wheels. Pelton's paddle geometry was designed so that when
the rim ran at half the speed of the water jet, the water left the wheel with very
little speed; thus, his design extracted almost all of the water's impulse energy i
which made for a very efficient turbine.

Figure 3.1: Various types of hydraulic turbines ; from left to right : Pelton, Francis,
Cross-Flow, Turgo, Kaplan .

Up until 1960, Pelton wheels were designed only with horizontal axis of
operation with one or two maximum injectors, but after realizing how more
efficient the turbine system can be if the jets of water extract from more injectors
(without affecting each other in a negative way), Pelton wheels with vertical
operation and the ability to combine up to six inject  ors, have been manufactured.
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Francis turbines were the first hydraulic turbines that had a radial inflow,
designed by American scientist James Francis around 1920. High pressure water
enters these turbines radially meaning that it enters the turbine perpen dicular to
the rotational axis. This lowers the pressure as the water curls through the tube,
but the speed of the water is maintained. Once the water has flown through the
turbine, it exits axially - parallel to the rotational axis out of a draft tube to the tail
race. This tube reduces the exit velocity of the water to obtain the maximum
amount of energy from the input water. The water deflected through the runner
blades results in a force that pushes the blades in the opposite direction as the
water is d eflected. This reaction force (like Newton's third law) is what causes
power to be transferred from the water to the turbine's shaft, maintaining rotation.
Because the turbine moves as a result of this reaction force, Francis turbines are
known as reaction turbines. The change of direction of the water flow also results
in a decrease in pressure within the turbine itself. They work equally well when
positioned horizontally as they do when they are oriented vertically.

In cross-flow turbines the water passes through the turbine twice: on the upper
part of the runner when inserting the turbine and on the lower part after, before
leaving the system. Passing through the runner twice provides additional
efficiency, and also allows self -cleaning from small debris, leaves etc. Another
advantage of cross-flow turbines is the practically flat efficiency curve under
varying loads, which makes them ideal for run  -of-river plants.

Turgo has similar of operation as Pelton with main difference the angle in which
the water enters the runnerds | evel. This t
endurable way when it comes to intense sediment erosion.

Kaplan type, is the most used hydro turbin e for high -flow and low -head power
production. The runner is a form of a propeller, the water inserts vertical the axis
of the turbine, spins and then meets with the runner. Another propeller type
turbine is the Bulb, the Straflo, the S -type Kaplan and the Deriaz. Each one of
them has a different operation and design mode making them suitable for a large
scale of occasions

3.1.2 Turbine selection

In order to choose the most suitable turbine type for a given net head H,
(geometrical quantity , that also depends on the discharge due to friction and minor
hydraulic losses), and to a nominal flow rate Q (hydraulic quantity), we will have
to consult the chart shown in Figure 3.2. This nomograph summarizes various
combinations of net head and nominal discharge, from 0.09 MW up to 1000 MW
power capacity. Each colored area represents a specific type of turbine and the
values of the above combinations, in which each is suitable for.

According to Figure 3.2, for relatively small nominal discharge and large head
(H > 250 m), the impulse turbines are applicable, in contrary with the Francis
turbines, which are more suitable for a wider range of discharge with lower head
conditions.

Moreover, for even smaller hydraulic loads but with high discharges, prop eller
type turbines, like Kaplan, fit as best.
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The selection of the turbineds type,
also in the predicted variations in discharge during the year but mostly to financial
and technical issues, as the available tec hnical knowledge.
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Figure 3.2: Turbine application range chart, depending on net head H(m) and nominal
discharge Q (m3/s).

3.2 Turbine efficiency

3.2.1 Definition

The total efficiency of a turbi ne — , is defined as the ratio of the output power
produced by the turbine system to the input power whichis provided to the turbine
system. The efficiency of a turbine is always lower that one, due to energy losses.

| t 6 s alsa mages, depending the type of the turbine and the passing inflow.
Typical ranges of efficiency are 80% -95%.

But in order to know its real value we need to take into consideration the
different types of energy losses that occur inside a turbine system.  Specifically:

1 Hydraulic losses, due to friction losses of the fluid lay ers in motion and

also due to water crashing on blades, local losses due to changes of the
tube section;

1 Volumetric losses, only for impulse turbines, due to small amounts of

water that are extracted to the atmosphere, without crashing on the
blade;

1 Mechanical losses, that are developed in the rotating parts of the turbine.

Moreover, except from the turbineds

when

| oss
Hydr opower pl ant i s defined by (~ 968%® thgg ener at

transformer 6s (~98%4) anidehagt!ly by the transmi

— (~98%).
In conclusion, the total efficiency of our system equals to the product:

S (3.1)



and implies the ration of the actual power provided to the electrical grid to the
hydraulic energy provided to the turbine system.

3.2.2 Efficiency curves

The efficiency of the turbine system, is a nonlinear function of the net head and
the inflow. Their relation can be expressed by a two -dimensional diagram, Figure
3.3 provided by the turbine manufacturers or measured by the hydropower
producers on-site. The bellowed diagram represents the percentage of ty pical
efficiency of a turbine, E (%), as a functi

n n » Where the subscript refers to the nominal operating point of the turbine.

: Francis L
90 | Kaplan e T g
80 | - Pelton
|
f

Crossflow

50 | PI«"‘\’]]L‘I

Efficiency (i) (%)

20 |

0 10 20 30 40 50 60 70 80 90 100 110 120
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Figure 3.3: Typical efficiency curves for different types of hydropower turbines .

Some typical ranges of the maximum efficiency, in relation with the turbine
type, are also given in the following Table 3.1.

As we can see from the above diagram in Figure 3.3, Pelton, Kaplan and Cross -
flow machines are capable of operating close to their maximum efficiency for a
large range of hydraulic load, comparing to Francis and Propeller ~ ones.

Pelton turbines, manage to have that kind of operation due to their ability of
changing the opening of the injectors, through a flow regulator (needle), resulting
to keeping the fluidds velocity stable.

In addition, Kaplan exceeds the Propeller type, due to its faculty of adjusting
the angle of the rotor and guide blades in the most efficient way.

Cross-flow, it may operate in a large range of n n  with its best efficiency but
it cannot compete with Pelton, due to its higher efficiency level.
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Table 3.1: Typical efficiency ranges for various turbine types.

Type Efficiency range
Pelton 0.880-0.920
Cross-flow 0.800-0.840
Turgo 0.800-0.870
Francis 0.910-0.945
Deriaz 0.910-0.940
Kaplan 0.910-0.945
Bulb 0.900-0.940

The maximum and minimum efficiency of a turbine depends on the type of the

turbine, its size

and

manufactureros

comes to impulse turbines (e.g. Pelton, Cross Flow), their size does not affect in a
great scale their maximum efficiency level, thus we can assume it as a constant
value. On the other hand, the maximum efficiency of reaction turbines (e.g.

Francis, Kaplan) varies depending on their nominal power capacity and cannot be

taken as constant.

The following char t in Figure 3.4 is the so-called hill chart, that expresses the
relationship between the net head (blue dotted curve), the nominal discharge, the

turbineds ef fici

ency

ranges

guide vanes (olive green curves). The optimal efficiency point is determined as the
cross point of the net head curve (depending on the gross head and the inflow) with

the higher possible efficiency curve.
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Figure 3.4: Example of determining the operation range of
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hydropower turbines , by

drawing the flow -head relationship of the penstock .
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3.2.3 Specific speed; a key variable for optimal operation of turbine system s

A lot of research has been taken place on the operation of the turbines with
variable speed. This approach is of particular importance in the field of Small
Hydropower Plants, when there is no storage capacity, thus meaning unsteady net
head and variable e fficiency rate. In order to ensure an operational range with
higher efficiency levels not only in nominal values but in operating points as well,
we choose a flexible scheduling of the runner by changing the speed of rotation
depending on the inflow of eac h time, setting as goal the best operational efficiency
for the incoming flow and as a result the maximization of the produced energy .

In few words, for each incoming discharge we choose the right angle of the guide
vane system and the corresponding turbin e speed in order to have the best
efficiency point. Taken from a research on an experimental Small Hydropower
Plant, with nominal head H equals to 3,5 m and nominal discharge Q equals to
3a i, with a propeller turbine and a permanent magnet synchronou s generator,
in Figure 3.5 is shown the co-dependency of the above turbine operational values.
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Turbine discharge, Q (m?3/s)
Figure 3.5: Typical hill chart of hydropower turbines .

The above technique, requires the use of power electronic converters (PECs),
since we need to supply the electrical network with stable electrical frequency. The
only drawback of this approach is the reduction of the total efficiency caused by
the additional electr omechanical equipment, which can be balanced by
accompanying the PECs with permanent magnet synchronous generators. The
usage of these type of generators increase the efficiency of the system since their
design include a polar pair number, which allows the elimination of mechanical
trans mission gears.

3.3 Fundamental mathematical formulas

3.3.1 Operational range of turbines

As it is apparent from the previously presented typical efficiency curve (Figure
2.3), each turbine can operate in a specific range of inflow, in other words electricity
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can be produced by the selected turbine system only if the passing discharge
belongs between a minimum and a maximum value, symbolizedas 1 andnf
respectively, which differ according to the turbine model.

The nominal discharge is given by the follo wing formula
n v r— Ke) (3.2)

where — is the maximum total efficiency represented by the nominal discharge,

[ is the specific weight of water (9.81 KN/m 3) and "Q is the net head, i.e. the gross
head, &, after subtracting hydraulic losses, Q. Hydraulic losses include friction and
minor ones, which are function of discharge and the penstock properties
(roughness, length, diameter, geometrical transitions).

The minimum discharge also depends on the manufacturer, since is a ratio of
the nominal , and also differs according to the type of the turbine.

The expression that gives the above value, is the following formula
n —H (3.3)
where é expresses the percentage of the n) that 1 equals to.

It is worth mentioned, that the discharge rate which refers to the best efficiency
factor (nominal operating point ) is not necessarily the maximum flow limit of the
turbine. On the contrary, the unit is designed to produce energy for  discharges up
to 1.2-1.25 times the nominal rate or even greater for some turbines. Some typical

ranges for common turbine types in SHPPs are shown in  Table 3.2.In this range
p n n p& 1 p& v the efficiency curve becomes monotonically

decreasing, in arate that depends on the type of the turbine and the manufacturer.
More detail s follow in the next paragraph.

Table 3.2: Typical values of range of operation for different turbine types

Type of turbine AlA . AL]A .

Pelton 0.1087 1.25

Francis 0.5 1.25
Cross Flow 0.285 1.428

Kaplan 0.1242 1.4286

3.3.2 Analytical formula

A more flexible and efficient method to determine the efficiency value of each
incoming inflow in every time step and then extract its efficiency curve, is through
an analytical formula, introduced by Sakki (2020) and Sakki et al. (2021). In the
following formula, a and b are non -negative shape parameters that in combination
with the appropriate valuesof —  ,— itis possible to change the efficiency curve
and extract its loyal form to the in  -situ results.
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The above formula helps us to define the relationship between efficiency  —
di scharge

type (_ v

the upper (1

, by taki

).

ng

i nto

consi
— @) &). The lower limit of the expression (3.4) is ()

(3.4)

and

der at i

) and

In case that we decide the nominal discharge to also be the maximum discharge
that our turbine should operate, as it happens with the present case study
there above formula is the best fit to our problem. In a more generic way, in
to include a broader approach, we also pr ovide a second formula, as shown in
expression (3.5), similar to the above. The second formula acts as a supplement to
expression (3.4), since is applicable for - —

while

n

n

then
order

(3.5)

Figure 3.6 demonstrate three different types of turbines with their efficiency
curve given by their manufacture. In the same diagram, the analytical formulas
have been applied for each type with the appropriate turbine characteristic for
each case and shape parameters.
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Figure 3.6: Turbine efficiency compared to rated flow and its analytical
expression for different type of turbines.
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4 Generic framework for optimizing the
operational policy within turbine mixing

4.1 The concept of turbine mixing in small hydroelectric
plants

For a given layout of a small hydropower plant (siting of intake, forebay, water
conveyance system, and power plant) , the most important design decision involve s
the configuration of the turbine system.  This imposes the specification of the type
and number of turbine s, and the assignment of their power capacity . As explained
in section 3.3.1, the power capacity also determines the maximum discharge, 1 ,
that can pass through the turbine (see eq. 3.2), while the type of the turbine leads
to a certain value of ratio —-thus resulting to a minimum discharge 1 —

Since the majority of SHPPs have negligible storage capacity, they cannot offer
regulation of the arriving streamflow (as made in the case of hydroelectric
reservoirs) , which exhibits significant variability across all scales. A single turbine
captures a relatively limited portion of this variability, thus implying the setting
of more than one turbines. The typical case isthe mixing of two turbine sin parallel
(one large and one small) , which allows for exploiting a wide range of diverted
discharge values. In the generic case of 0 turbines, if the individual flow ranges
are (s ,Np ), the operational flow of the combined system ranges from 1

aQfip )ton B nAx

4.2 Hierarchical operational rule

By applying two (or more) turbines instead of a single one, we confront a
challenging management problem , i.e. the sharing of the diverted streamflow
through each turbine. A simple and effective operational rule, herein called
hierarchical , indicates that the system of the two turbines comprise s a master and
a secondary one. As it is implied, the master turbine refers to the one with the
larger power capacity, and thus the most extended operational flow range , while
the secondary one has the lower capacity.

The hierarchical rule is structured as follows: When the diverted discharge is

lower than the minimum flow limit of the turbine system ., there both turbines
are shut down and there is no power production. On the other hand, when the
diverted discharge exceedsthe maximum flow limit , 3, then both turbines

operate at their maximum power capacity, while the excess stream flow overflows
to the natural bed of the river. For flow values  withinthe range (07 My ), the
flow is conveyed to the secondary turbine, while the master one remains out of
operation. Instead, between 1 and iy , only the master turbine is set in
operation . Finally, intherange ( Ry M p NF the hierarchical operational
rule states that the flow is by priority conveyed to the master turbine , which
operates at its capacity . On the other hand, the secondary turbine receives the
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remaining flow and produces energy only is this quantity exceeds the associated
limit N g

The aforementioned operation policy is formalized as follows: Let 1 be the
streamflow arriving at the intake  (typically, this is the natural flow of the river,

after subtracting aquantit y ) , whichisimposed by the environmental legislation).
The flow passing from the master turbine is given by:

T ERM; (4.1)
Ify Ny thenthe surplus flow passing from the second ary turbine is:
n T ER My (4.2)

For 1 Ay theturbine is set out of operation, while for 1 1y the power
produced by each turbine is:

T N Nk
IR B A (4.3)
Nn NA n
where — 1} is the total efficiency, which is typically expressed as afunction of the

rated flow, AF)  (monotonically increasing, up to the nominal point), and Q R
is the net head, which is , on the other hand, a decreasing function of flow 1.

4.3 Looking for an optimal operation rule

The above policy is the simplest one, but not essentially the most effective. This
is due to the nonlinearity of the product — 1 1, where “Qefers to a specific turbine .
This nonlinearity is mainly induced by the peculiarity of the efficiency function
which retains an almost constant ceiling, for relatively high rated flow values, and
then exhibits a steep drop. As described in previous section, the hierarchical rule
implies the occasional use of the small (secondary) turbine , since the flow is by
priority conveyed to the large (master) one . However, under some circumstances,
a combined operation of the two turbines would be  more beneficial, to ensure the
maxi mi zation of the total energy production.
part of the arriving flow to the small turbine, to operate close to its nominal
efficiency, with minimal efficiency loss for the large turbine.

In order to clarify this argument, we contrast the application of the hierarchical
rule with a more effective policy, hereafter called synergetic. We use the data from
the pilot small hydroelectric plant in upper Achelous , which takes advantage of a
practically constant net head equal to 150 m (Chapter 6). This comprises two
Francis -type turbines, which characteristics are shown in Table 4.1. The efficiency
curve of the two turbines is illustrated in ~ Figure 4.1.
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Table 4.1: Design characteristics of the two Francis -type turbines.

Turbine 1 Turbine 2 Total

Power capacity, 0 (MW) 7.40 1.00 8.40
Maximum discharge, 1 (m3/s) 5.69 0.77 6.46
Minimum discharge, B (m3/s) 0.85 0.12 0.12
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Figure 4.1: Sharing of diverted discharge across the two turbines  of the pilot
SHPP and associated power production for two operational rules (hierarchical,
synergetic) .



The contrast of the two operational rules, in terms of flow sharing and power
production, is demonstrated in  Figure 4.1. The derivation of the associated graphs
is made by dividing the operational flow range of Table 4.1 into small intervals
(i.e., NN 13t Y and next applying the following methodology:

1. We calculate the flow sharing and power production for the operational
scenario that implements the conventional hierarchical policy, in which the
large turbine is set as the master and the small one as the secondary one;

2. We repeat the calculations for the opposite hierarchical policy, where the
small turbine operates as master and the large  one as secondary;

3. We compare the two scenarios, on the basis of totally produced power,
and keep for each flow value the flow sharing that maximizes the output power
through a synergetic operation of the two turbines.  In fact, the optimal synergy
is ensured when the two turbines exchange role s (master/secondary) in the most
productive way.
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Figure 4.2: Gain in produced power by applying the synergetic instead of the
hierarchical operational policy

As shown in Figure 4.2, the gain in produced power by applying the synergetic
instead of the hierarchical operational policy  appears in two discrete flow intervals,
defining the so -called donation areas. Term donation originates from the fact that
the large turbine offers an amount of  its discharge to the small one, in order to
optimize the product (we remind that in this specific case, the net head, Q, is
assumed constant, for simplicity)

=

N Q- = n - F— 1 (4.4)

The first donation area starts at i (in this case, 0.85 m3/s), where all
discharge is conveyed to the small instead of the large turbine . Under this policy,
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the small turbine operates with its maximum efficiency , since the rated
flown 1 is unit (since in our case, N n . In opposite, the hierarchical
rule would require the operation of the large turbine with A7} L p, and thus a
much lower efficiency. The end point of the first donation area, where the
hierarchical rule is applied again when :
= r| n —& N5 (4.5)
N nr

The second donation area starts at 11 ; (in this case, 5.69 m3/s), where the
discharge which is conveyed to the large turbine is reduced by 1  (in this case,
0.77 m3/s), in order to feed the small turbine with its maximum discharge and thus
operating with its maximum efficiency.  This policy is applied until the system
reaches its total power capacity, thus /4 A N F

4.4 Summary of synergetic management rule

The generic management rule for any mixing of two turbines, by applying an
optimized synergetic operation, can be defined as follows :

T IR ng ,both turbines are shut down, thus there is no energy

production ;

1T IfRj n A ,only the small turbine is in operation ;

T Ifng N Nr ,onlyone turbine is in operation, namely the one
ensuring the higher product—n ;

1 Ifq; N Nf ,onlyoneturbine in operation, the larger one (T1)

T Ifng N Nk Nr ,donation point, both of the turbines are

in operation, in the most optimal combination meaning the small
turbine operates with its max imum efficiency and the larger one with a
slighter lower that its maximum for a small range of inflows

T Ifnxg N n Nr Nr ,Same as above step, both
turbines in operation, distributing 1} in the most efficient way

T 3 NIy Nr ,both turbines operate in their maximum
efficiency .

4.5 Generic formulation of operation rules

We consider a hydroelectric plant comprising two turbines, of unit total capacity ,

n’ p,by taking advantage of a unit net head , @ p.In the generic case, the
type of the two turbines differ s, thus their efficiency function — QM is
expressed by different parameter values ,—; ,—®@ andw.For convenience, we

assume that the system operates up to its nominal  point where the efficiency is
maximized, and also the power capacity of each turbine is determined . In this
respect, we can set n and 1 n ., We also consider that — refers
to the total efficiency, thus it embeds the product — — — , which refers to minor
energy losses across the rest of electromechanical components (transformer,
generator, electrical grid).
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We next introduce a sharing factor « 1@ fdimensionless), thus the large
turbine has a power capacity 1n’j « and the small one 1N’ p <. Under
this premise, t he maximum discharge passing from each turbine is expressed in
dimensionless terms as:

. N
nNg O - 0 (4.6)
Similarly, the minimum dimensionless discharge of each turbine is:
. M
N O : 0 (4.7)

In this respect, the maximum dimensionless discharge of the turbine system
equals to:

i : !‘?n _ h f : i (4.8)
On the other hand, the minimum dimensionless discharge of the system is:
g - "?n & "Qé__ﬁ. F.__pﬁ ' (4.9)
By setting 6 1N , we can express the dimensionless discharge as:
noon (4.10)
Under this premise, the dimensionless power production is:
n° "= 6R/RA (4.11)

In order to determine the optimal operation of  alternative configurations of the
turbine system, we examine different scenarios depending on the value of the
sharing factor e ,the parameter —and the turbine type, which affects the efficiency
function parameters —; R and®.

4.6 Experimental scenarios on power production

After testing different combinations of the sharing factor < and the parameter
—for the two most used turbine type s (Pelton, Francis)we compared their results

z

in terms of total dimensionless power production, 1° N N.

Depending on the mixing characteristics &for various value s of the sharing factor
* (0.2,0.4, 0.5, 0.6, 0.7, 0.8), we settle on the most efficient combination . In Table
4.2, we present all the combination s (L,I1111,1V) along with their characteristics .
In order to set a measure for defying the most efficient combination, we compare
with the theoretical power which can be produced by an ideal turbine system with
unit efficiency , i.e.:

e "0 «hhf RO @ (4.12)

Afterwards, for each value of the sharing factor « , for the four combinations ,
we calculated the devi ati on of eachds s c &amatheiides
system, ) N N ,asshownin Figure 4.6 :.
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We also desire to evaluate the deviation of optimal from the hierarchical

dimensionless power

production, (7 h° respectively) in each different

combination of turbine s mixing in type (LILIILIV) and sharing ¢ , meaning

W f N F
in Figure 4.10:.

N°  .The results of the above calculations are presented

Table 4.2: Different combinations of turbine mixing

Combination| Turbine 1 Turbine 2 Combination Il Turbine 1 Turbine 2
Turbine Type Francis Francis Turbine Type Francis Francis
parameter — 0.50 0.50 parameter — 0.15 0.15
-h 0.93 0.93 -h 0.93 0.93
) 0.78 0.78 () 1.00 1.00
o 3.11 3.11 &) 2.11 2.11
Combination [l Turbine1 Turbine2 Combination |V Turbine 1 Turbine 2
Turbine Type Pelton Francis Turbine Type Pelton Francis
parameter — 0.10 0.50 parameter — 0.10 0.15
-h 0.89 0.93 -h 0.89 0.93
() 1.13 0.78 () 1.13 1.00
@ 12.8 3.11 &) 12.8 2.11
0.45
—¢=0.2 Combination I
040 —@p=04
0.35 ®=0.5
9=0.6
030 | — =07
0.25 =08
/— 0.20

0.15 ™~

0.10

0.05

0.00

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

Rated flow g/qmax

Figure 4.3 : Combination | of the deviation of dimensionless power production

between real and ideal operation .
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Figure 4. 4 : Combination Il of the deviation of dimensionless power production
between real and ideal operation.
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Figure 4.5 : Combination Il  of the deviation of dimensionless power production
between real and ideal operation .
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Figure 4. 6 :Combination IV of the deviation of dimensionless power production
between real and ideal operation .
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Figure 4. 7 : Combination | of the deviation of dimensionless power production
between optimal and hierarchical scheduling
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Figure 4. 8 : Combination Il of the deviation of dimensionless power production
between optimal and hierarchical scheduling
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Figure 4. 9 : Combination Ill  of the deviation of dimensionless power production
between optimal and hierarchical scheduling
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Figure 4. 10 : Combination IV of the deviation of dimensionless power production
between optimal and hierarchical scheduling

Through the Figure s 4.3, 4.4, 4.5 and 4.6, we can examine which combination is
closer to the ideal operation of our system. As is shown in the aforementioned
figure s, in Combination | (two Francis with identical — T®) the best sharing
scheme is the one with « @ and ¢ & , which are the same since the turbine
mixing is symmetrical and the above sharing factors  are complementary , and the
worst is for e m®. In Combination s Il (two Francis with identical — 1@ y, llI
(one Pelton with — 1@ Ttand one Francis with — 1@ 1 and IV (one Pelton with
— T#p ™and one Francis with — 1@ v closer to the ideal operation happens to
be achieved with sharing factor 1. On those combinations, the less efficient
schemes regarding the sharing factor differ depending on the range of N R - T10

be more specific, in Combination Il , the worst performance is obtained when
T® and &), for high and low discharge rate, respectively, in Combination Il
. & leads to the least appealing scenario and in the end in  Combination IV ,
. & for low discharge rates and e @ hr@® for higher discharge rate s but in
smaller ranges, are the sharing factor s which we should avoid in terms of better
efficiency.

On the other hand, the Figures 4.7, 4.8, 4.9 and 4.10 remark how much the
optimal power production outnumbers the one produced from the hierarchical
scheduling, regarding the above selected efficient scenarios. The usage of these
observations is twofold : first we can conclude of how important is the use of the
synergetic scheduling versus the hierarchical and secondly if the above divergence
i sndt i n a togecomsader wisioh acheeluling to choose since the optimal
might lead to more complex operation management. Depending the combination
and the value of « , the above figures combined with the given hydrological regime
of the, under research, SHHP, can quantify the benefit of exploited discharge we
gain or not by using t he optimal (synergetic ) rule instead of the hierarchical.
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In order to assess the actual benefit (i.e., in power production terms) from the
application of the synergetic vs. the hiera rchical rule, we use the historical inflow
data and the energy production resulting by them , sorted in descending order, thus
forming the so -called energy and flow-duration curve (Figure 4.11 and Figure
4.12), respectively . For each value of sorted inflow data, we estimate the power
production by the two management policies, and assign it to the corresponding
exceedance probability ( Figure 4.13).
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Figure 4.11 : Energy dduration curve .
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Figure 4.12 : Flow -duration curve .
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Figure 4.13 : Simulated power production as function of the empirical
exceedance probability of inflow, according to the two operation policies
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Figure 4.14 : Detail of previous figure, focusing on donation area |l

As shown in Figure 4.13 the synergetic rule outperforms the hierarchical one
particularly within donation area I, in which the system is driven by medium -scale
inflows having exceedance probability from 45 to 55%. Thus, this mode is applied
about 10% of time, resulting to an obvious benefit for the system. On the other
hand, the gain within donation area Il is not as much significant, as the rule is
activated for a limited portion of time (see detailed graph in  Figure 4. 14). This
highlights that the optimal performance of a mixed turbine system is subject to
both the management rule and the flow regime.



5 Setting the problem of energy production
forecasting in Smal | Hydropower Plants

5.1 The Target Model Era

Today, the energy market is subject to a new legal framework ,c al | ed
Mo d e This model has been recently introduced as the new legal framework of
the electricity market across Europe. Its main goal is to create a well -organized
electricity market and an unified power system across European borders, through
the cooperation of different market s by exchanging the ir natural sources in the
most efficient scheduling .

The above legislation isapartofthe Eur op e an third i eneng§ package,
which aims at a new and improved function of the internal energy market by
redefining the role of each participant (producers, aggregators) and the nature
of their interaction.

Regarding the application oft h &arget Model 6in the Greek energy market |,
a variety of challenges arise , especially in the field of Renewable Energy Sources
(RES) considering that new renewable energy projects are obliged to participate
in the Greek wholesale electricity market . The above can be executed either
directly or through renewable energy aggregators dmeaning assigning them some
of the balancing responsibilities.

This new role-allocation, leaves the RES producers financially responsible for
the additional balancing cost between their forecasts and their actual energy
production. From that p oint of view , it is clear that the contractual framework
governing and representing the relations between RES producers and RES
aggregators in the market, becomes of high importance .

Another si gnificant measure which changes the structure of the energy market
due to the orTarget Model 6 and also intensify the need of credible forecasting
predictors , are the additional costs for RES producers such as deviation between
their forecasts and their actual energy production , clearance and non - compliance
charges.

OTar ge

In this concept, RES aggregators 0 Cc onc er n sthe fcamnarsially o n

successful operation of the ir represented units, in terms of energy-schedule
optimization or of power -system control services. As a result , they could ensure a
better prediction of the actual production of RES units , leading to low level
deviation charges accounting to RES producers.

Till our days , traditional units are mostly used on order to provide stable
energy generation . Since the later are starting to be replaced by RES , it comes to
guestion whether RES units are capable to autonomously maintain this stability
by adapting with flexib ility variable and possible unforeseen changes in operating
conditions which also depends on the weather processes
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Geothermal

Figure 5.1 :Representation of various forms of renewable energy and their
dependence on weather processes (Source: https://www.deccanherald.com/
content/661665/impacts -renewable -energy-projects.html )

5.2 Research advances and limitations

The associated research and operational applications so far mostly span over
two main directions , regarding the forecasting of energy production

The first refers to the short -term energy production forecasting by solar an d
wind power systems . Numerical Weather Prediction (NWP) models, are used by
provid ing deterministic point forecasts.

The second field of interest deals with the long  -term energy production by large
hydropower reservoirs and is based on projections of their inflows (e.g.,
Cassagnole et al., 2021).

Nowadays, emphasis is given to data -driven approaches (e.g., machine
learning), also combined with stochastic -probabilistic schemes for representing
uncertainties that are ignored by N WP models (Felder et al., 2018; Talari et al.,
2018; Croonenbroeck and Stadtmann, 2019).

Small hydroelectric works are classified as one of the most cost -effective
technologies, establishing them as one of the most widespread form of renewable
energy. We remind that t his concerns hydropower systems up to a specific
capacity value (e.g., 15 MW in Greece), commonly of negligible storage capacity,
where the energy production is a direct conversion of the streamflow arriving at
the intake. In contrast to other renewables, the short -term energy forecasting
problem, in the field of SHPPs without storage, has not gained the necessary
attention from the research community
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input information used in forecasting schemes appearst o0 be the observed energy
production and rainfall (e.g., Li et al., 2015), while some researchers also use
forecasted precipitation, provided by NWP models (Monteiro et al., 2013).
However, we should highlight that the accuracy of NWPs with respect to rainf all
forecasting is still questionable, particularly in complex mountainous reliefs
(Dl af sson and ¢égWwstsson, 2021).

Surprisingly, streamflow forecasting procedures, followed by turbine operation
models employing flow -energy conversions, seem to be missing. A plausible
explanation is the scarcity of streamflow observations, since most of SHPPs are
located in small remote catchments, lacking of hydrometric infrastructures.

On the other hand, given that the technical and operational characteristics of
the SHPP are known (e.g., turbine scheduling and efficiency curves), the past
inflows can be retrieved with quite satisfactory accuracy, on the basis of observed
power production data, through reverse engineering (Sakki et al., 2021a).

Taking as an example a run -off-river SHPP, in the upper course of river
Achelous, Western Greece, we investigate different day -ahead power forecasting
approaches, driven by alternative data sources.

Since the limited scale of the SHPP industry makes difficult to support highly
sophisticated operational forecasting systems, we seek for establishing simple
and parsimonious regression -type approaches, instead of more complex schemes,
e.g., from the domain of machine learning (ML) (cf. Papacharalampous et al.,
2020), that yet require sig nificant expertise to be properly used and often
demanding computational infrastructures. This fact is probably associated with
the growing interest in explain ability of such techniques (cf. discussion by
Ribeiro et al., 2016). Key objective, and at the s ame time novelty of this research,
is the maximization of information gathered from the available data, by taking
advantage of the hydrological expertise ar
operation. Our research also highlights the training and evaluation p rocedure of
each forecasting approach, as well as the representation of uncertainty and its
practical interpretation.

In this vein, our overall objective is to move beyond the standard, yet risky,
point forecasting methods, providing a single expected val ue of hydropower
production, thus quantifying the overall predictive uncertainty of each method,
and use it as a guidance for modelling energy market behaviors and support
decision-making.

-57-



6 Study area and data

6.1 Overview and hydrological data

In the context of our analysis, we consider a hypothetical run -of-river plant
under study, in the upper course of river Achelous, Western Greece. The flow
arriving at the intake is diverted through an open channel to a forebay and next
conveyed to the power station through a penstock, thus creating an elevation
difference of 150 m.

The available hydrological information comprises spatially  -averaged daily
precipitation data from ten representative meteorological stations, and daily
streamflow data at the intake. The latter input is extracted by adjusting the
observed inflows to a downstream site, i.e., Kremasta reservoir (Efstratiadis et
al., 2014), by accounting for the ratio of the corresponding drainage areas (about
1:40). The common period of the two records extends over 39 years (May 1969 to
December 2008). Figure 6.1 illust rates the adjusted flow time series, the mean
annual value of which is 2.15 m 3/s.

Inflowy (m&’ )

Oct 1971 Jan 1972 Apr 1972 Jul 1972 Oct 1972

Figure 6.1: Streamflow time series at the intake for hydrological year 1971  -72.

6.2 Technical characteristics

Before proceeding with the forecasting problem, it is essential to specify the
technical characteristics of the project.

First, we estimate the environmental flow to be released downstream of the
intake, in order to sustain the riverine ecosystems (  Efstratiadis et al., 2014).
According to Greek legislation, the time -constant environmental flow which
should be preserved downstream of the Small Hydropower Plant, is defined as
the maximum of the following quantities
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1 30% of average streamflow during the summer period (June, July,
August);

1 50% of average streamflow of September;

1 30L/s, inany case.

Following this, we defined a constant flow of 0.25 m3/s as the 30% of mean
discharge of September.

We should highlight that in  next computations, we conside r a constant net
head, for simplicity . This comes in agreement with reality , by placing a penstock
with quite large diameter (1500 mm), thus causing minimal hydraulic losses,
even at the maximum discharge capacity.

Moreover, as it has already implied , in our case study, we set as an optimal
operational system , a mixing of two Francis -type turbines, which characteristics
are summarized in Table 4.2. The two capacities have been selected by the
estimations, after solving an optimization problem (Sakki et al., 2021b ). In this
respect, a standard technoeconomic optimization problem is formalized by setting
as goal the maximization of financial quantities such as the net present value
(NPV). In this concept, the discounted value of future net cash flows should
exceed the investment cost, so as to ensure a sustainable investmen t. The cash
flows derive d from the production of electrical energy during the entire life  -cycle
of the system, while the investment cost (involving the E/M equipment and the
civil works) was directly or indirectly associated with the power capacity

The objective function of the design optimization problem is expressed in
annual profit terms as:

0@ 60 @ 60 (6.12)

This function is strongly nonlinear and contains two conflicting components,
namely the mean annual energy production, ‘O @), to maximize, and the

equivalent annual cost, 0 "0, to minimize .

To ensure robust solutions, the research also accounted for the resulting
capacity factor of the RES, since they consider it may also comprise a mixing of
different sources. This factor is a fundamental performance metric of power
systems, defined as the ratio of the mean annual electrical energy output to th e
maximum possible one (Mamassis et al., 2021) , i.e.:

.0 I
0 ~B 0 (6.12)

In order insight to the optimization problem,  Sakki etal. (2021b) repeated the
design procedure for a large number of turbine capacity combinations, driven
with the historical streamflow data.  In their research they highlight that since
the formulation of the problem is deterministic, it leads to a unique solution . As
derives from their numerical and graphical results, t wo alternative operation
policies with quite close performance characterized as optimal mixings . One of

-59-



them , named as ogtHeore wd chasetd be thal seliected turbine
mixing in our case study.

The operation policy of the SHPP , in combination with both mathematical and
graphic formulations, have been expounded extensively on Chapter 4. This has
been obtained by seeking for the optimal hierarchy of the two turbines, in order
to maximize the power production across different discharge ranges.
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7 Day-ahead energy forecasting approaches

7.1 Application of energy forecasting schemes

7.1.1 Two routes leading to energy forecasting

In order to deal with the difficult task of energy prediction  we establish ed two
alternative routes (direct, indirect) tot he power forecasting
on a day-ahead basis. The direct route aims at predicting the  next-day energy
production via regression models . These models use as explanatory variables past
observations, in terms of power production and the past rainfall, as the sole
source of hydrological data. On the other hand, the indirect route initially aims
at predicting the day -ahead discharge, given that such data exist. The forecasted
flows are next introduced to the operation model of the system  Figure 7.1 , for
extracting the forecasted energy. For each approach, we assess alternative
forecasting schemes, in terms of model structure and data.

6.0 . 9.0
Synergetic rule —
> s 8.0
5.0 Flow through large turbine 3’ al
” Lri
45 Flow through small turbine P 7.0
”
__ 40 = =Output power P 6.0
2 7
% 35 L %
E , 50 =
E 3.0 7 g
”’ .
= 25 |l 40 4;
4 =
E 2.0 7 3.0 e
[E 1.5 s ?
' “ 2.0 §
1.0 7’ B
=W

”

05 /-— 10
0.0 0.0
00 05 1.0 15 2.0 25 3.0 35 40 45 50 55 60 65 7.0
Total flow (m%s)

Figure 7.1 : Operational scheduling of the turbine system , ensuring an
optimal power production .

7.1.2 Precipitation data

pr o

For the ©precipit aeachooneddd thel tenfsotrantaitoinosnd dat a

analyzed according to their degree of correlation to the observed inflow data.

In more words, since the linked relationship between the  ten stations and the
streamflow varies, for each one we set a relevant weight rate <, then for each
time step <E A @A Wf our collected, = hdata we calculate the following sum
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product: B* g where == Stands for the precipitation value of station : at
day «The weighting coefficients < . we assigned to each meteorological station,
account as variables for optimization, aiming to give the best correlation value
between the aforementioned sum product, and the flow value of the ne xt day,

meaning 4= > »ig g O Fikg 1
The above method represents a credible approach of combining hydrological
information from different recording sources . In our case, we combine the

precipitation data from different meteorological stations while defining the
rainfall time series B" wmg which are next used as inputs to the forecasting
problem.

Table 7.1 summarizes the correlation coefficients of each precipitation data set
with the flow data , for two different lag values (0 and 1). It also include s the final
weight rates for each case

Table 7.1: Correlation and weight factor for  the ten different precipitation
stations

St.Vlassios Helidona  Granitsa Karpenisi Katafito

WéE T INQH 0.340 0.407 0.397 0.370  0.364
Wé 1 INQM 0.420 0.500 0.523 0.476  0.402
0 0.073 0.138 0.158

Perdikaki Pertoulio Sargiada Theodoriana Viniali

GE T IR 0.393 0.491 0.325 0.542 0.394
GE T INRm 0.464 0.434 0.489 0.487 0.436
0 0.082 0.050 0.107 0.086 0.076

713 Efficiency metric to evaluate forecastini

In order to calibrate the free parameters of each  forecasting model and
evaluate their predictive capacity, we introduce a quite strict skill ~ score in terms
of the generic efficiency formula:

& p —Hh 0 (7.1)
B R R
where %; i s the 0o0bser veaviichesknewndom the simulation
model, %y, is the forecasted value, which is estimated on the basis of past
data @ @ #B , and differs according to each approach as presented
extensively in the next paragraphs , and %;; is a reference prediction,

provided by a benchmark model.

In the classical definition of efficiency, a benchmark model coincides with the
mean observation (thus the daily average energy production), yet here we also
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apply a stricter benchmark prediction, i.e., theso-cal | ed napve florecas
% % (hereafter referred to as modified efficiency). The aforementioned

expression ensures an efficiency up to 78%, for the entire period of historical data
(1969-2008; see Table 7.2).

In Figure 7.2 we present the timeseries of the produced energy in comparison
with t h e n &#dgnechmark model , for the hydrological period 1971 -1972. In
addition, in Figure 7. 3 we demonstrate , inthe form of a scatter plot , the correlated

relationship between energy production at 60day and 0 p,through the 39 years
of collected data.
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Figure 7. 2 : Comparison of actual energy production with itself placed one
day later (benchmark model) for hydrological year 197 1-72.
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Figure 7. 3 : Scatter plot of energy production at dayt comparing to the
energy production of t he O Naptdayttinodel 6



7.1.4 Direct (energy -based) approaches

In the direct approaches we use as independent variables (predictors) for the
energy generated at time step (day) 0 p,the past energy production, ‘O, as well
as the available hydrological data, by means of rainfall, B, from a representative
meteorological station or the spatially -aggregated rainfall from a set of stations
(paragraph 7.1.2). After investigations, we concluded to two possible models, for
expressingtheday-ahead energy, the o0GenericelModel 6 .

Both models are expressed in the form of branched equations that take into
consideration the appearance of a rainfall event at day @ which is expected to
influence the generation of streamflow due to the increase of soil moisture over
the basin. We highlight that t he 0 Ge ner i ¢ (7M)orepeesents a simpler
approach, since for min & precipitation events from the previous day, we assume
an equal energy production as in the day before. On the other hand , the
0Cr os s r o a(@.3)Nsondre dordplex ,yet more efficient (see Table 7.2 ), model
since even for negligible precipitation events, is designed to relate the next day
energy with the energy from the two previous days. Also, the 0 Gener i ¢ Model
takes into consideration the extracted discharge of the day before.

: WO 8 80 8 /4 &M maa
©  oh N oTaa (7:2)

ogyo & 0 & f M maa (7.3)
ppO 8 O 88h n m™aa '
Following the typical split -sample approach, we estimated each modeld s
parameters by calibrating against the actual energy production values in the half
of observations, and validating its predictive capacity in the other half. From the
aforementioned calculati ons the skill scores in calibration and validation,
expressed in terms of classical and modified efficiency, which resulted, as well as
the statistical characteristics of the model error , 0 Oj O; , are

summarized in Table 7.2 .

In an effort to visualize the correlation of each direct (energy -based) forecasting
model, with the energy which was actually produced, we present two
representative figures for each one of the above approaches. Those being, a
timeseries of the forecasted energy in comparison with the real energy produced
(Figure 7. 4 and Figure 7. 6 ) for the hydrological year 197 1-72, and a scatter plot
of the above values,( Figure 7.5 and Figure 7. 7 ) during the 39 years of our data
set (May 1969 to December 2008 ).
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Figure 7. 4: Comparison of actual energy production with the forecasted
energy by the 0Generhydroloylaaldeal 187 1-7.ur i ng t he
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Figure 7. 5 : Scatter plot of actual energy production comparing to  forecasted
energy by the 0Generic model 6
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Figure 7. 7 : Scatter plot of actual energy production comparing to forecasted
energy bythe 0 Cr ossroad Model 6.

As the above figures and Table 7.2 summarize,the 0 Cr o s sr oaithtetfshe de | 0
of classical efficiency surpasses slightly the 0 Gener i c, lekding &lthe
assumption that they are of same credibility, yet when we advise a stricter skill
score, meaning the modified efficiency, the rate of exceedance of the Crossroad
approach comparing to the Generic becomes clearer to us.

7.1.5 Indi rect (flow -based) approaches

In the indirect approaches we aim to provide day -ahead forecasts of the
discharge to feed the flow -energy conversion model, which is summarized in the
diagram of Figure 7.1 . In this respect we use as predictors, of streamflow at day
0 p, the past streamflow and the rainfall. In order to account for the baseflow
component of streamflow, we also ext ract the minimum value of last five days,
N , and the mean monthly value of the full data sample.

We remark that the baseflow component may incorporate several slow -flow
elements, associated with groundwater runoff, snow melting (which is quite
significant, during the spring period) as well as the falling limb of floods. After
investigations, we conclude to the parametric expression:

~
\

0 N (N T O h n maa
, , . ., 7.4
1N hn m™aa (7.4)

The above expression can be defined by different values of its parameters,
depending on under which conditions we calibrate the above model (7.4) by the

use of a performance metric (Root Mean Square Error -RMSE) as goal for
minimi zation .

In our case, the calibration was reached by two approaches, the one called
0Si mpl e Model 6 and t h é&sitastindieated loy reira namesMized e | 6 .
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first approach is simpler since the calibration has as goal to ensure the optimal

fitting of the modeled to actual discharge data by mini mizing the RMSE . On the

other hand, the second approach, is baptized with the characteriz ation of smart ,

since it uses the knowledge about the technical properties of the system in the
model calibration by minimizing the RMSE after taking into consideration that

should count it only when the passing flow belongs into the limits of the turbine s
operation range, meaning that through the logicof t he 0 Smar,terrodae | 6
not been account for if the model correctly predicts that the flow is outside of the

operation range.

As shown in Table 7.2 , by employing a typical calibration on the basis of
maximizing the efficiency of the simulated ag ainst the observed stream flows, in
terms of day -ahead energy prediction we obtain a small only improvement with
respect to the direct modelling approach, namely from  79.4(6Generic Mo d ¢,79®
(cCrossroad Mo dte 800%( 0 Si mp | e -favithedfdl Haba)

On the other hand, the model error characteristics are less satisfactory, since
the forecasting model underestimates the energy production by about  -3.8 MWh,
on average, while with the direct approach the bias is negligible. This is due to the
attempt of the calibration procedure to predict stream flows outside of the
operational range of turbines, and particularly the peak flows, which result to large
errors. Yet, these errors are beyond our concerns, since during these periods the
system operates continuously in its nominal capacity.

In order to remedy the above shortcomings, as we already have mentioned, we
adjust ed the fitting metric, i.e., RMSE, to the turbine operation range ( 71
N § ), inordertoignore the errors that are produced from the flow forecasting
model, if this correctly predicts that the flows being outside this range. Moreover,
if the forecasted flow is inside the range, whereas the observed is outside, we only
account from the distance from the two flow limits. Under this premise, the error
is calculated as follows:

n s N hi n r O n &
0 i fon M4 s G i ©
n n m n n Ve n &

The above error expression incorporates within calibration, apart from the
hydrol ogi cal data, the expertods knowl edge
system that affect the flow -energy conversions. The knowledge -based calibration
approach, herein called 0 Smar t  ,Maosdres adclearly better skill score in
terms of modified efficiency than the typical calibration approach (Indirect
0 Si mpodeld, and good error properties as well (practically zero mean and
autocorrelation -see Table 7.2).

In the following figures are presented the inflow timeseries which were
predicted by each one of the indirect models, in comparison with the real inflow
throug h the hydrological year 1971 -72 (Figure 7.8 and Figure 7.1 2 ).After using
the forecasted discharge as input to the operational rule ( Chapter 4.4 ), we
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received the energy production thus creating the energy timeseries  resulting from
the above models and setting in comparison with the  actual energy production,
as shown in Figure 7.10 Figure 7.14 .Moreover, in order to have a more
supervisory view, the scatter plots of both forecasted inflow and energy in
relation with the real inflow and energy for the 39 years data, are provided
through the Figures 7.9,7.11,7.15,7.13 .
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Figure 7. 8 : Comparison of actual inflow with the forecasted discharge by the
aSimple Mod el 6, d unydiologgal yedr e1971-72.
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Figure 7. 9 : Scatter plot of actual inflow comparing to forecasted discharge by
the 0 Si mpl e model 0.



200
“ Energy production Simple
Model
150 R .
2 —Real Energy Production
= !
< 100 , X
&
-
[} J
s
50 J
0
O O O
3 3 3 G G S & &) G &) &) G 3
% % % % %3 % % O > % N oy O
FFF TS S

Figure 7. 10 : Comparison of actual energy production with the resulting
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Figure 7.1 1 : Scatter plot of actual energy production comparing to resulting

energy bythe 0 Si mpl e model 6.
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Figure 7.1 3 : Scatter plot of actual inflow comparing to forecasted discharge
bythe 6 Smart model 6.
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7.1.6 Introduction to a Machine Learning approach

In addition to the aforementioned regression forecasting models, an interesting
guestion arises on whether just a better day -ahead flow forecasting model that
does not account for the operational characteristics of the system, would
outperform the optimal model so far. In this respect, we apply a more complex
approach from the Machine Learning (ML) fami |y, namely a Deep Feedforward
Neural Network (DNN). The DNN model is composed by three hidden layers with
128, 64 and 32 neurons, respectively, while the Rectified Linear Unit (RelLu)
activation function is adopted for all neurons.

As inputs, we use the st reamflow of past 5 days and the rainfall of past two
days. The model is fitted on the basis of Mean Square Error (MSE), for a number
of 100 epochs, by using a batch size of 64.

The results of the above approach are summarized through the  Figures 7.16,
7.18,7.19 and 7.21 , in terms of timeseries and scatter plots, of both inflow and
energy compared to the real streamflow and actual resulting energy production.

In addition, in Figures 7.17 and 7.20 we compare the actual and forecasted
flow and energy values providedbythe 0 Smar t Mo d enbsbefficientamodeh e
of the indirect approach, and the ML approach, for hydrological year 1971 -72.
Surprisingly, while the ML model ensures a much better fitt ing to the observed
flows than the simple regression expression (4), (8 2% vs. 67%), the conversion to
energy is rather disappointing. In particular, the classical efficiency metric is only
50.7%, while the modified efficiency is strongly negative. Therefor e, the data-
driven approach results to a worse predict
benchmark model. Furthermore, the derived error properties are clearly non
satisfactory (underestimation of the average energy up to 1 MW, quite large
standard deviation , and, significant autocorrelation).
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Figure 7.16 : Comparison of actual inflow with the forecasted discharge by
t h ®NNG, d ur ihydplogichl gear 197 1-72.
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Figure 7.1 8 : Scatter plot of actual inflow comparing to forecasted discharge
bythe 0 DNNO .
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Figure 7. 20 : Comparison of actual energy production with the resulting
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Figure 7. 21 : Scatter plot of actual energy production comparing to  resulting
energy bythe 0 DNNOG .

For each forecasting approach , we compute the marginal statistical characteristics

of residuals, x %, %, (mean, standard deviation, coefficient of
skewness) and the lag -1 autocorrelation, which is measure of auto-dependence
(Table 7.2).Table 7.2 These are used in next chapter, where we establi sh a more

integrated energy forecasting framework, which takes into account the model
uncertainty.



Table 7.2 : Comparison of different forecasting schemes.

Efficiency of Energy

Modified efficiency of

Energy error statistics

Energy
Model

St. Lag-1

type _ _ _ _ Mean Coeff. of
Calibr. Valid. Calibr. Valid. Full data auto-
data Wh) skewness .

(MWh correlation

Napupve n/a na 0.766 nla n/a n/a 0.00 27.76 1.21 -0.119
Direct Generic 0.782 0.809 0.794 0.171 0.166 0.169 -1.11  25.28 1.34 -0.012
Direct Crossroad 0.790 0.813 0.799 0.201 0.182 0.193 -0.51 24.86 1.45 0.043
Indirect Simple 0.817 0.796 0.807 0.228 0.226  0.227 -3.83 24.11 -0.37 0.079
Indirect Smart 0.848 0.819 0.833 0.356 0.314 0.331 0.112 22.64 1.23 0.066
DNN n/a nfa  0.55 n/a n/a -0.977 -0.99 39.04 -0.42 0.540




8 Uncertainty through forecasting and their
reconciliation in practice

8.1 Generator of ensembles to estimate uncertainty

A typical means to quantify the total uncertainty of a deterministic simulation
model, is to add a random component (noise), 0 , to its output, , where the
random process U should be consistent with the statistical and stochastic regime
of the associated residuals (Efstratiadis et al., 2015). In the generic case of
autocorrelated errors, the process 0 can be obtained by a stochastic generator
(e.g., Kossieris et al., 2019; Tsoukalas et al., 2020), or a statistical distribution
model, provided th at the errors do not exhibit significant dependencies in space
and time. By generating a large enough set of random variables @; © 0 ,
where 'Q pf8 R, we obtain an ensemble of ¢ model realizations at each time step
o, which allows for th e detection of empirically -derived probabilistic quantities
In our case, we use the more robust forecasting scheme ( 0 Smart MNawodlel 6
provide ¢ 100 realizations of the day -ahead energy at each time step (day), from
which we get the median and the 10th and 90th largest values (quantiles) of
forecasted energy production, as estimators of the 80% empirical confidence
intervals.

8.1.1 Statistical distribution to describe residual ensemble

Given that the observed residuals r esul ting from thae O0Smar
uncorrelated, the errors are considered as a stationary process that follows a
three -parameter gamma distribution (i.e., Pearson type Ill), which reproduces
the mean value, * hthe standard deviation, , , and the coefficient of skewness,
[, of the entire sample of residuals (Table 7.2 ).The expression of the above
distribution with its parameters are defined according to the following equation
(eq.8.1,8.2).

~

Qe — o O Q (8.1)

where 17, | and c¢c are shape,, respeditelg, weichd | oc a
are estimated by the method of moments as follows :

- _ L 6, (8.2)

Following , we produce the 100 realizations of the day -ahead energy, we first
result to a stationary representation of the forecasting uncertainty in energy
production through the years, since the different weather conditions depending
the seasonality and specifically the monthly customization of the errors statistical
characteristics have not been taken into consideration.
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In addition , through Figure 8.1 ,we present the timeseries for hydrological year
1971-72 in which we compare the actual energy production with the three
characteristic prediction quantiles (10, 50 and 90%) . The aftermath for
developing a stationary model , is as shown in more details in Figures 8.2 and 8.3
that through summer the forecasting is characterised by high range of
uncertainty since the statistical characteristics of those ~ dry months are equalized
with the ones of the much wet months of autumn and winter season.
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 Et0E90 [ E50 Ereal
Figure 8.1 : Comparison of actual energy production for hydrological year 197  1-

72 with three characteristic prediction quantiles (10, 50 and 90%), by considering
the error process as stationary .
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Figure 8. 2 : Detailed comparison of actual energy production for year 197 2 with
three characteristic prediction quantiles (10, 50 and 90%), by considering the
error process as stationary , for the month of June .
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Figure 8. 3 : Detailed comparison of actual energy production for year 197 1 with
three characteristic prediction quantiles (10, 50 and 90%), by considering the
error process as stationary , for the month of December.

8.1.2 Accounting for seasonality within uncertainty quantification

In order develop a more credible and more consistent with the underlying
hydrological regime forecasting procedure under uncertainty , we implement the
same error modelling analysis by applying seasonally -varying (cyclostationary)
generation models, which account s for the individual statistical characteristics
per month (Tsoukalas et al., 2018). As shown in Table 3.1, these is a considerable
difference of the statistical behavior of the error across different seasons, that is
also reflected in the uncertainty of energy predictions. In Figure 8. 4 we compare
the uncertainty bounds obtained by the two methods, for hydrological year 1971 -
72.In combination with Figures 8.5 Figure 8. 5 and 8.6 Figure 8. 6 we observe that
during the low -flow period, these bounds are substantially reduced, by accounting
for the issue of seasonality. This indicates that the more detailed analysis, where
the prediction er ror is represented as a cyclostationary process, is much more
realistic.
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Figure 8. 4 : Comparison of actual energy production for hydrological year 197  1-
72 with three characteristic prediction quantiles (10, 50 and 90%), by considering
the error process as cyclostationary .
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Figure 8.5 : Detailed comparison of actual energy production for year 197 1 with
three characteristic prediction quantiles (10, 50 and  90%), by considering the
error process as cyclostationary , for the month of June.
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Figure 8. 6 : Detailed comparison of actual energy production for year 197 1 with
three characteristic prediction quantiles (10, 50 and 90%), by considering the
error proces s as cyclostationary , for the month of December.

Table 3.1 : Monthly statistical characteristics of residuals derived from the
application of Smart Model .

Month Mean (MWh) Standard deviation (MWh)  Skewness Lag-1 correlation

JAN 0.82 28.65 1.23 0.069
FEB 1.59 29.07 0.87 0.138
MAR 4.87 28.05 0.95 0.066
APR 1.91 26.53 0.48 0.059
MAY 1.53 19.06 1.37 0.089
JUN -0.16 8.42 0.95 -0.062
JUL 0.11 7.74 -0.25 -0.014
AUG -0.72 7.11 -1.85 0.056
SEP -1.91 11.06 -1.39 0.044
OCT -2.51 20.75 1.76 -0.050
NOV -0.45 31.51 1.34 0.043
DEC -2.74 30.64 0.84 0.045




8.2 Alternative market policies

In order to take advantage of the concept of uncertainty in practice, as would
be made in a real -world energy market, we can determine alternative market
policies in terms of quantiles. In particular, we can apply the upper, middle and
low quantiles as rep resentatives of a risky, mild and conservative forecast of the
day-ahead energy,pr edi ct ed from our most credible ap
and evaluate them in economic terms, by assigning a unit profit value for
delivering the energy produced up to the forecasted value, and a unit penalty for
the deviations (i.e., deficits with respect to the forecasted value). For instance, we
account for the 90, 50 and 10% quantides an
price for secondary energy equallyto30 G/ MWmda penal ty value of E
the aforementioned values are representative of the recent system marginal price
and price of deviations, respectively, of the Hellenic Electricity Market. Under
this premise, the mild policy ensures a mean annual profit of 0.86 M0 , t he
conservative 0.81 M0, and tOR®EMO.i sTkhyi s q ufinandial gmadysisu d o
allows for comparing the different interpretations of a forecasting approach under
uncertainty. In Figure 8. 7 we mention the profit resulting from the three above
market policies through the year 1971 -72 in relation with the profit that we would
gain if the forecasting was ideal, meaning to have zero uncertainty thus
predicting the actual energy production (Real profit).

Figure 8.7 : Representation of profit produced from three alternative market
policies in comparison with the actual profit,  for hydrological year 197 1-72.
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