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PREFACE

As a final project this thesis is written as a part of the Master Structural engineering and
specialization Hydraulic structures at the faculty of Civil Engineering and Geoscience of
the Delft University of Technology in the Netherlands.

Arcadis NL provided the opportunity to undertake the research at their office and with
their (hard and software) resources.

READING GUIDE

Starting with the introduction in chapter 1 after which the considered problem and scope
of the research are stated in chapter 2 and chapter 3 respectively. A literature review
summary is given in chapter 4 detailing the relevant theory and existing technologies.
This chapter is a summary of the more elaborate literature review that is added in
Appendix 2.

In chapter 5 the location is analyzed where subjects like the available flow and space are
determined. The conceptual design has been worked out in chapter 6, where first a
generic turbine and then three assigned turbine types: Kaplan, Venturi enhanced Kaplan
and Archimedes screw have been analyzed. The financial performance of the designs are
situated in chapter 7 and to round things off in chapter 8 the conclusions and
recommendations can be found.

Behind that are the references and the appendices, to which have been referred
throughout the report. They are both ordered by occurrence of reference in the text.
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ABSTRACT

The goal of this research is to assess technical and economic feasibility of hydropower at
the weir-complex of Driel. A local initiative opting to improve the environment gained
interest in the idea and asked Arcadis NL for help.

The weir complex at Driel lays in a key position in the Dutch river Delta and regulates the
flow to the IJssel and Nederrijn, both important parts of the flood protection and
important shipping routes. In the Nederrijn 2 other hydro-power plants have been built
at weirs. Driel was considered as well, but at the time could not be made feasible due to
the low head difference at Driel. Developments in low-head hydro-power have given new
possibilities and reason for reassessment.

First the location has been analysed, in particular the flow situation. Except for the low
head difference, the location lends itself well for a hydroelectric plant. The crux of the
research is therefore in making the most of the available head.

4 variants have been worked out: a copy of the downstream hydro-power plant of Maurik
as a reference, several variations on low head Kaplan turbines and an Archimedes screw
have been assessed. A special variation of the Kaplan is the Venturi enhanced Kaplan,
which uses part of the discharge to increase the head difference over the turbine.

To estimate the annual production, first a simple approach, assuming a turbine can
create a certain head difference, and later a hydraulic model incorporating hydraulic
losses and using turbomachinery theory, has been used for the Kaplan design variants.

The result of the comparison is that the regular Kaplan variant number 4 with 5 turbines,
a combined capacity of 3.160kW and a LCOE of 0,154 € per kWh (using interest rate of
3,3%), has the best economic performance and is therefore recommended for further
development. A good second option with a lower initial investment (9,6 million euros
versus 20,5 of variant nr. 4) is design variant number 1 with a set of 2 Kaplan turbines
having a combined capacity of 1.475kW and a LCOE of 0,161 € per kWh.

Despite the regular Kaplan performing better economically, the Venturi Enhanced Kaplan
Turbine certainly has potential for low head run of river hydropower and is therefore
recommended for further research as well. The increase in power and produced energy
gives reason to believe that further optimisation and detailing will lead to a competitive
design compared to the regular Kaplan turbines.

Key words: Low head, hydro power, Kaplan, Archimedes Screw Turbine, Venturi
Enhanced Kaplan, Economic feasibility.
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LIST OF SYMBOLS

Ordered in alphabetical order where: lower case symbols precede upper case ones and
Latin symbols precede Greek symbols.

Symbol

Din
Dout
D,

E

Eannual

hae

HNPS

hs,adm

hy,
hvap
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Description
(Cross-sectional) Area in square meters.

Common tube discharge area in meters squared.

Cross-sectional area in square meters of the turbine at the location of
the rotor, available for flow.

Turbine tube discharge area in meters squared.

Quadratic resistance coefficient in seconds squared over meters to the
5th power. Equal to head difference over discharge squared.

Discharge resistance coefficient of the bypass tube in the Venturi
Enhanced turbine in cubic meters per second

Discharge resistance coefficient of the common tube in the Venturi
Enhanced turbine in cubic meters per second

Quadratic discharge coefficient that is valid for Maurik

Discharge resistance coefficient of the turbine tube in the Venturi
Enhanced turbine in cubic meters per second

Capacity factor, amount of full load hours with respect to the amount
of hours in a year

Rotor diameter

Inner diameter of the rotor where the blades attach, in meters
Outer diameter of the rotor in meters

Turbine diameter in meters

Energy in joule or kilowatt-hours

The amount of energy in Joules or kilowatt-hours produced in a year
by the considered system

Gravitational acceleration in meters per second squared

Energy head, the sum of hydraulic head (h) and velocity head (h_v).
Hydraulic head, the sum of pressure head and elevation head (z)
atmospheric pressure head in meters.

usable fall head in meters

Net positive suction head in meters

admissible head in meters

Velocity head in meters, velocity squared over two times gravitational
acceleration

Vapour pressure head in meters
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iriver Inclination of the water surface (in free flow situation)
IRR Internal rate of return

Levelized Cost of Electricity, price per kilowatt-hour of produced

LCOE energy such that the Net Present Value at the end of a chosen life-
time is zero.
N Rotation speed of the (turbine) system in revolutions per minute
(rpm)
n, Number of blades of the turbine
n, Number of pole pairs
N, Specific speed in revolutions per minute (rpm)
Ngp, Power specific speed in revolutions per minute (rpm)
N Suction specific speed. Specific speed with as input the H_NPS and
ss related discharge.
N Number of turbines
NAP "Normaal Amsterdams Peil", reference water level equal to sea level.
NPV Net Present Value. Value of an amount of money spent or received in
the future translated to present day value of said amount.
p Lower case p, pressure in Pascal or newton per square meter.
P Power of considered system in kilowatt
P Dimensionless power coefficient
Po The absolute stagnation pressure in Pascal
Prree—flow Theoretical power of a free flow turbine in kilowatt
p The rated (maximum) design power output of the turbine in Joules per
rated second or Watts
Dy The vapour pressure in Pascal
PoT Price of the turbine in euros per kilowatt
Q Discharge in cubic meters per second
0 100 day exceedance discharge in cubic meters per second. Discharge
100 is equal or larger than this value 100 days in a year.
0 Available discharge for hydro power production in cubic metres per
ava second
0 Discharge of the bypass tube in the Venturi Enhanced turbine in cubic
bpt meters per second
0 Bucket discharge for an archimedes screw turbine in cubic meters per
bue second
0 Discharge of the common tube in the Venturi Enhanced turbine in
et cubic meters per second
0 maximum discharge in cubic meters per second going through the
max

turbine while producing power
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AH
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AHloss
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Maximum discharge in cubic meters per second going through the
entire set of turbines while producing power

Discharge through the system when no load is applied by the turbine.
I.e. the restance of the turbine is zero.

Average discharge through the entire system in cubic meters per
second

Discharge through the turbine when the rotor gives resistance to the
flow, i.e. when load is applied by the turbine. This occurs when power
is being generated by the turbine.

20% of the maximum discharge Q_max

Discharge of the turbine tube in the Venturi Enhanced turbine in cubic
meters per second

Discharge area ratio of the Venturi Enhanced turbine. Turbine tube
discharge area over common tube discharge area.

Dimensionless head ratio or in short head ratio. Equal to the head
over the turbine divided by the head over the system.

Product of head ratio and discharge ratio, with the idea that product of
the discharge and head is proportional to the power.

Dimensionless discharge ratio, or discharge ratio. Equal to the
discharge through the turbine divided by the discharge through the
system without any load

Speed ratio. Dimensionless ratio of rotation speed N over specific
speed N_s or power specific speed N_sp

Reynolds number

Equivalent amount of time in a year in seconds, or more commonly in
hours, that the turbine runs at rated power. Annual energy divided by
rated power.

Number of hours that the turbine has been active.

Total amount of time in a year (about 8760 hours)

flow velocity in meters per second

Bucket volume for an archimedes screw turbine in meters cubed
Heat exchange within the system in Joules per second or Watts

elevation head, height of the considered flow line above the reference
level

Head difference. Difference between two head-levels in meters.
Available head difference for hydro power production in meters

Average occuring head difference in meters

Head difference of the bypass tube in the Venturi Enhanced turbine in
meters

Head difference of the common tube in the Venturi Enhanced turbine
in meters

Energy head losses in the system in meters
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AHmax

AHg,

AH sys_thres

AH,
AHt,thres
AH,,

n

den

Vikin

feq

$i

(‘)screw

Maximum occuring head difference in meters

Head difference over the entire considered system in meters. The
available head difference in meters.

Threshold, minimum Head difference for the turbine to start over the
entire considered system in meters. Derived from threshold head
difference over turbine.

head difference over the turbine in meters.

Threshold, minimum head difference over the turbine in meters for
which the turbine will work or start.

Head difference of the turbine tube in the Venturi Enhanced turbine in
meters

(Greek letter ieta/eta) Efficiency factor of a considered system

(Greek letter mi/mu) Dimensionless discharge coefficient that scales
the cross-sectional area A such that the correct head-discharge
relation is given

(Greek letter ni/nu) Dynamic fluid viscosity in Pascal. Constant for a
given fluid and temperature.

(Greek letter ni/nu) Kinematic viscosity in meters squared per seconds
squared, equal to dynamic viscosity over the mass density of the fluid.
Equivalent loss coefficient, replaces a summation of loss coefficients
over their related areas squared such that its value over the turbine
area squared gives the same quadratic discharge coefficient C

(Greek letter xi) Dimensionless head-loss-coefficient for particular part
"i" in the system, scaling the velocity head to be equal to the head-
loss.

(Greek kapital letter pi) The "i"th Buckingham's PI dimensionless
group of parameters

(Greek letter rho) mass density in kg per cubic meter

Thoma's cavitation coefficient

(Greek letter tav/tau) Fluid thermodynamic internal energy per unit
mass at location "i" in Joule per kg

(Greek letter phi) Dimensionless volumetric flow coefficient

(Greek letter psi) Dimensionless Head coefficient (or sometimes also
referred to as "Energy transfer coefficient)

(Greek letter omega) Screw rotation speed in rpm
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1 INTRODUCTION

In the Netherlands there is a local initiative called the “Hevea Initiative” (HI, formerly
known as “Heveadorp Energie Initiative”), that wants to implement sustainable energy
applications and ideas in and around their village of Heveadorp (about halfway between
Arnhem and Wageningen). HI suggested a plan to apply some form of hydro-power at
the weir-complex of Driel.

The complex at Driel is 1 of the 3 weirs in the river “"Nederrijn” or Lower Rhine (as shown
in Figure 1). The river Rhine/Rijn enters from Germany. The bifurcation near Nijmegen
is called “Pannerdensche-kop”. The bifurcation at Arnhem is called "IJselkop".
Downstream of the weir of Hagestein the "Nederrijn" becomes the river "Lek".

What makes this one special is that it controls the amount of water that flows into the
IJssel river, especially in situations of low discharge. The reason to do this is to keep the
IJssel navigable for shipping and also to make sure the IJssel-lake is being fed with

sufficient water.
twolle

Amsterdam-Rijnkanaal |Jssel

Lekkanaal & lssel
Beatrixsluis meer
Irenesluis Amerongen B | Lake
e Lek Nederrijn
Rotterdam Wageningen

Hagestein Marijkesluis

Pannerdensch kanaal

Dordrecht Bernhardsluis
Rijn
Nijmegen
Location Weir complexes Hagestein, Amerongen and Driel \
Duitsland
/Germany

Figure 1 - Nederrijn with 3 weir-locations.

HI participated in a contest for sustainable energy ideas, where the prize was funding for
the idea, and had noticed a technology called the “Oryon watermill” [1]. They proposed
this technology to implement at weir-lock-complex Driel. Unfortunately they didn’t win
with this idea and they want to work the idea out in more detail.

HI wants to investigate by having a feasibility study performed. They contacted the
“Koninklijke Nederlandse Heidmaatschappij” (abbreviated by KNHM). KNHM noted that
they didn’t have the required knowledge about hydro-power and thus contacted the
engineering consultancy firm Arcadis NL. The three parties together then decided that for
various reasons it would be best to have a student do the feasibility study and that’s
where this research comes in.
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2 PROBLEM ANALYSIS, RESEARCH GOAL AND
QUESTION

In this problem analysis 3 scale levels are considered. Level 1 on a global level
considering human activity in general, level 2 is at a national level and level 3 considers
the local situation. An attempt to capture the problem analysis in a mind map has been
made and can be found in Appendix 1.

2.1 PROBLEM STATEMENT

The core problem is that Hevea Initiatief (HI) wants to apply hydro-power at and/or near
the Weir-complex Driel and to provide sustainable electricity to the local community of
Heveadorp, but has to overcome that:

1. Low head hydro power is technically challenging to get to work and the location of
Driel sees very low head differences compared to other low head hydro power.

2. Any solutions found must also be economically feasible.

3. Both HI and KNHM don’t have the required technical knowledge regarding civil
and in particular hydro-power engineering to assess previous two points for
hydro-power at Driel

When combined these form the following problem statement:

“"Arcadis and the HI have developed interest in the techno-economic feasibility
of hydro-power at weir-complex Driel, but this has to be reinvestigated due to
developments in technology for low-head-run-of river hydro-power.”

2.2 MAIN GOAL

"To assess the technical and economic feasibility of current state of the art
hydro-power technologies at low-head run of river locations such as the
weir complex Driel.”

Which can be broken down into the following sub-goals:

1. Finding the technologies that are able to generate power from very low head
situations present in Driel.

2. Determining the designs for technical feasible hydro power at Driel

3. Assessing economic feasibility for these designs

2.3 RESEARCH QUESTION
For which the research question is:

"What is the most optimal design of a hydropower plant at Driel in terms of
economic performance while remaining technical feasibility, and what
conclusions can be drawn that are also valid for similar locations?”

Page]| 2
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The sub-questions:

1. What functional requirements does the weir complex Driel have when hydro-power
is added?

2. What are the technical requirements for head based power-plants when applied at
Driel?

3. What are the economic requirements for hydro-power at Driel to be economically
feasible?

4. What scoring criteria determine which variant/hydro-power schemes scores better

at Driel?

Where are the best locations for free-flow turbines?

Where are the best locations for the head based turbines?

What is the most optimal design in terms of energy production?

What is the most optimal design in terms of economic yield?

What are the investment costs for the developed variants?

10 Which variant scores best for the situation of Driel?

©®N O

2.4 PROBLEM ANALYSIS

2.4.1 Scale level 1 — Human activity

At a very high level of abstraction the situation is that the human population has been
making and will keep making several demands of both itself and their environment.
These demands are often supplied by human activity/exploits.

Three major demands often made are:

1. Economic growth or gain
2. Useful work to be done
3. Safe living environment

Economic growth or gain covers most of the wishes and needs of people. It works on the
basis of doing work in return for money, which gives the possibility to purchase almost
anything of choice, e.g. food, a place to live, etc.

With the term useful work in this case is the physical version is meant (force traveling
over a distance, having the unit of joules). Work can be done for several reasons, for
instance economic reasons or safety, etc. A good example for safety reasons could be a
light illuminating the road. This is not done for economic reasons. Useful work is often
done by converting stored energy into the desired form. This is commonly chemically
stored energy converted into electrical work via several conversions (i.e. from chemical
to thermal to mechanical to electrical energy, e.g. an engine powering a generator).

A safe living environment is a demand that cannot always be covered by the economic
demand, because certain risks cannot be carried by one person alone. For instance
flooding is something that a large group of people can be victim of and also requires
quite an investment to protect against. That is often where government- and semi-
government-agencies are called for, to bear this responsibility for many people in a
certain region e.g. a nation or a province.

Page| 3
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All these demands lead to human activities that have an influence on the environment.
Land is being used and occupied to perform all these activities, resources are extracted
and pollutants can be introduced into the environment.

Another influence that has been a topic of discussion for quite some time is human
induced climate change, where so named “greenhouse gasses” are released that have an
effect that is greater than natural occurring fluctuations in the climate. Large emissions
of these greenhouse gasses are often linked to the use of fossil fuels in order to produce
energy or work. Especially because they bring stored greenhouse elements back into the
cycle. Both human induced climate change and the use of fossil fuels in general have a
bad influence on the environment.

These effects of human activity on the environment are considered by many as a threat
to natural life, including human life. As such this conflicts with the 3 major demand.
Requests for reduction of this human influence on the climate increase in size and
frequency, as can be seen by actions such as the Paris agreement [2, p. 3], where 171 of
the 195 countries in the world signed an agreement to do just that.

2.4.2 Scale level 2 - The Netherlands

Within the Netherlands the previously described principles are also at work. The energy
accord and climate agreements are actions that are similar as the one of the Paris
agreement. They aim at stimulating the so called “Energy-transition” where the goal is to
change from fossil fuels to renewable energy like wind-, solar-, hydro-power, etc.

Renewable energy in general is not a very large contributor to the country’s annual
energy consumption of 3.150,6 PJ (in 2017) [3]. Of this amount 945 PJ [4] is being used
for production of electricity, of which 419 PJ is actual electrical energy [4]. The other
portion is turned into heat (which is often used by industry or heating of greenhouses).
In Figure 2 the contributions to production of 2017 can been seen. Only 16,9% of total
energy used for electric energy is powered by non-fossil-fuel-sources of which large parts
are covered by nuclear power (3,5%) and burning of biomass (7,7%). Unsurprisingly the
contribution of hydro-power in the Netherlands is therefore not very large, only 0,6% [5]
of the total electrical energy production.

Energy sources for electricity in % of total renewable electric
NLin 2017 energy production in NL in

2017
(1)

= Wind
-
= Biomass
= Natural gas Solar (PV)
m Coal
O_therfossﬂ m Hydro-power
= Biomass
Nuclear

m Other renewable . . . .
Figure 3 - Electric power production in % of

Figure 2 - Pie chart of energy sources for total (100% = 60PJ). - Source: CBS [6]
electricity in 2017 in the Netherlands
(100%=945 PJ). - CBS [4]
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Available energy for hydro-power in the Netherlands

The low-land rivers like the Rhine don’t
have much energy left after flowing down
from the Alps all the way through
Switzerland, Lichtenstein, Austria,
France, Luxemburg and Germany, losing
energy mostly through (bed) friction and
some hydro-power-plants along the way
as well.

Examples of such plants are the hydro-
power-station in the rhine are Iffezheim
(run-of-river, 146MW) near Karlsruhe,
station Wyhlen (run-of-river, 38,5MW)
near Basel at the Swiss-German Border,
Rheinfelden (run of river, 100MW) and
Ryburg-Schwérstadt (run-of-river,
60MW) all run by TransnetBW GmbH [7].
Let’s consider at an abstract level for a
moment the amount of energy going
through the Netherlands: At Lobith the
river Rhine enters the Netherlands.

From Figure 5 it can be seen that
between the years 1901 and 1960 the
average 100 day exceedance discharge is
about Q,,, = 2300m3/s, that for the this
case will be assumed constant.

A

17 juli 2019

Y Lake

— Rhine

Main tributaries

[ rnine basin considerea
[ country borders

@ Emmerich
Sub-basins
Alpine Rhine

Aare

I High Rhine
Upper Rhine

Neckar

Main

Middle Rhine

Moselle

Lower Rhine

Delta

Figure 4 - Map of the Rhine basin - Source: [8,
pp. 4231, Figure 1]

Note that 100 day average exceedance is equal to the 265 day subsceedance discharge.

365

360 |
3501

300+

250 |
200 |
150
100

50 1

= number of days per year lower

10

4.000 6.000

8.000

10.000
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Figure 5 - Discharge subsceedence curve for various years at Lobith. - Source: [9, pp. 135, figure

4.65]

Imagine a tube that takes all this discharge from Lobith in the East of the Netherlands, in
a straight line, all the way to the North-sea in the West of the Netherlands. Assuming
that the water-level at Lobith is on average 10m above NAP (Normaal Amsterdams Peil,
sea-level), the resulting water-level-difference will then be AH = 10m. See also Figure 6

for a sketch of this situation.
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Rhine spanning the width of NL:~142 km

<
Energy flux=+~226 MW

€= Qi00= 2300 m¥/s =

Figure 6 - Schematic theoretical turbine diverting all Rhine flow at Lobith to the turbine flowing
out in the North-sea representing energy content Rhine Delta.

Lobith

AH=10m

North-Sea

Further in the report, in the “Literature study summary” in Chapter 4 a few important
formulas have been clarified, which are used for this short analysis (hence the number 4
in the formula references “(4 - #)"”). The formulas are explained there.

In Figure 7 a schematic representation of a generic low-head hydro-power plant that is
being referred to below, is shown. Here it is important to distinguish Energy-head (H),
pressure-head (h) and velocity head (g), where the first mentioned is the sum of the
latter two as given by Bernoulli’s law:

IS 5 (4-3)

Figure 7 - Simplified hydropower system

The “hydro-power equation” is as follows:

P=n-p-g-Q-AH, (4-2)
Where:
P= Power output of the considered system in [W]
n= efficiency factor of the considered system, dimensionless, [0,0 =7 = 1,0]
g= Gravitational acceleration (in this report assumed to be constant with

a value of 9,81) in [m/s?]
= Mass density of the fluid in [kg/m3] (assumed constant)
= Discharge through the considered system in [m3/s]
H= Water-level-difference over the considered system in [m] ,

Q™

i.e. AH=H, — H,
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With that the energy flux or power from Lobith to the sea is:
P =100%-1000-9,81-10-2300 - ﬁ = 225.630 kW = 226 MW

To get an idea of the amount of energy going through the Rhine with previous
assumptions and also assuming that the average flow is present every hour of a year the
annual energy production of a turbine can be calculated with (4 - 23):

tyear (4 - 23)
Egnnual = f P(t) dt
0
Where:
P(t) = The instantaneous power output of the considered system

at time tin [kW]
The energy produced in a year should the turbine run at full capacity is then:
Ennuar = 24 hours - 365days - 225.630kW = 1.976.518.800 kWh = 7,12 PJ

That is about 1,70% of the annual gross electrical energy produced of 2017 and equals
564.720 households(3500kwh/year),

Also an important figure is the capacity factor shown below.

CF = Eannual — tfull—load (4 - 24)
tyear *Pratea tyear
Where:
CF = Capacity factor in [%)]
Eonnual = The amount of energy produced in a year by the considered system
in Joules [J] or more commonly in kilo-Watt-hours [kWh]
Prated = The rated (maximum) power-output of the considered system
in Joules per second [J/s] or more commonly in kilo-Watts [kW]
tyear = Amount of time in a year in [s] or more commonly in [hours],
about 8760 hours.
truli-load = Equivalent amount of time in a year in [s] or more commonly in [hours],

that the turbine runs at rated power P, 4.4

A global average capacity factor for hydro power, according to IPCC report on hydro-
power of 2015, is 44% [10], based on a combined capacity of 926 GW (gigawatt) and
combined annual energy production of 3,551*10% GWh/year (Gigawatt hours per year).

Assuming that the CF is indeed 44% and a system efficiency is 100%, the theoretical
energy that can be produced in a year would be 869.668.272 kWh = 3,13 PJ or 0.75% of
the annual-gross-electrical-energy-production2°!” in the Netherlands.

That is 248.477 households(3500kWh/year)
This ignores several facts that reduce the actually available energy like:

- The flow from Lobith is divided over several different rivers (visualised in Figure
8);

- Friction, which can be quite considerable over the distance from Lobith to the sea
(about 142km);

- The fact that a part of the head-difference is heeded to create a discharge;

- Other energy losses in the system (inflow/outflow).

- Fluctuations in sea-level, discharge, water-level, etc.
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Figure 8 - Sketch of water levels (for the situation that all weirs are closed) and below the
discharge distribution starting from Lobith.
Note: Right side of the picture is upstream, going to the left is downstream.

Pannerdensche-kop and IJssel-kop are the two bifurcation points of the river. Both are
indicated in Figure 8.

Like other renewable energy sources, the amount of energy available for hydro-power is
therefore not something that can be relied on completely and will always need to be
backed-up by other sources of power.

River-delta-system

The river Rhine has an important function within the Netherlands. It is of course a source
of fresh-water, enables shipping, prevents inflow of salt water in the cities close to the
coast like Amsterdam, Rotterdam, Den Haag and Schiedam to name a couple (see
Figure 9) and controls the ground-water-table along the river. The ground-water-level is
important for agriculture, nature, but also for foundations of houses near the river.
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Figure 9 - Screen-shot of Real-time National Water-level and discharge overview. - Source:
RWS [11] - accessed 10-04-2019 at 14:46 hr

Orange areas have a below target water-level.

Green arrows indicate in-/outflow discharges.

2.4.3 Scale level 3 - Location Driel

Downstream of Lobith the Rhine bifurcates after only a short distance into the Waal and
Pannerdensch-kanaal. The latter bifurcates at Arnhem into the Lower Rhine (Nederrijn, in
Dutch) going west and the IJssel going North to the IJssel lake. The weir at Driel
regulates the discharge into the IJssel for low discharges from Lobith and is thus an
important structure for the water level and distribution management.

This water level management is of paramount importance for flood-protection, shipping
and fresh-water supply. For that reason the owner, RWS values this structures function
highly.
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Figure 10 - Screen-shot of Real-time Water-level and discharge overview of the Nederrijn and
Lek. . - Source: RWS [12] - accessed 10-04-2019 at 15:32 hr
Legend: same as Figure 9
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For about 80% of the time in a year, the weir gate at Driel is closed, creating a water
level difference. In that sense it is an ideal location to apply hydropower. This is also
what HI concluded.

The potential for hydropower at Driel has been assessed before in its life-time, in 1968
and at the time the conclusion was drawn that it is not feasible at Driel, where it was at
the two downstream weirs of similar build (Amerongen and Hagestein).

Hagestein has Hydro-power from the time it was built (1958) in the shape of an
experimental smaller turbine (the syphon Kaplan technology at the time was quite
unique) and not really designed for large scale electric power production.

The power-house at Amerongen has more “serious” proportions and has been built in
1968, after completion of the weir. The complex has a capacity (rated power) of 10MW
with 4 bulb-Kaplan-turbines.

2.5 EXPECTED RESULT

The hypothesis of this research is that with development of new technologies and hydro-
power schemes it may now be possible to apply hydro-power at Driel cost-effectively.

Royal Haskoning DHV (RH-DHV) has performed a study [13] for the Province of
Gelderland (the provincial government) to check economic feasibility based on “reverse
financial engineering” using financial goals like Internal rate of return (IRR) and payback
periods. The study is aimed mostly at mapping the potential locations for the province of
Gelderland.

The company also mentioned that, on one hand it is harder to design economically
feasible hydropower projects in the Netherlands. This due to the lack of elevation
differences. On the other hand there is new potential in new technologies, especially in
the field of smaller hydro-power projects (capacity < 1MW).

RH-DHV calculated that with a 1,8 MW hydro-power-plant the theoretical energy
production would be 4739 MWh (energy for about 1.247 families/3.800kWh), which is
assuming about 2.633 full-load-hours (~110 days). With an internal rate of return (IRR)
of 10 to 12 percent RH-DHV estimated that the maximum investment amount is between
3,028 million and 3,905 million euros. Using existing projects as reference they
estimated a required investment of 7,2 million euros, leaving a 3,3-4,3 million euro
investment gap.

They claim this has mostly to do with the available resource, however analysing the flow
data, this is not necessarily true. RH-DHV assumes the weir is opened 100 days a year,
where RWS claims this to be 75 days a year.

None-the-less, RH-DHV suggests that Driel might still be a feasible location in case the
powerhouse construction is combined with maintenance and repairs of the weir and if
existing structure is used for support.

Thus, both the fact that RH-DHV may have taken a conservative assumption for the
amount of operation days and the possibility of combining the construction with repair
and maintenance makes further analysis of this location worth the effort.

Besides that, whatever the result may be regarding Driel, this case-study can still be
used to make assessments for other similar locations.
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3 RESEARCH SCOPE

One only has limited time and resources to conduct a research, therefore it is important
to state the intended scope, what will be part of the research and, arguably more
important, what will not be part of it.

3.1 PROJECT AREA

The project initial aim is to power houses in (the neighbourhood of) Heveadorp.
Especially when considering free-flow turbines, potentially the whole river could be used
for that. The main limitation being transportation of the power to the local grid. However,
chosen is to limit this research to the Nederrijn river, no further upstream than the
IJsselkop bifurcation and also no further downstream than Amerongen weir, which lies
31km from the weir of Driel. This gives a 12,5+31=43,5km stretch of river and of course
the weir itself to analyse for power production (see also Figure 11).

twolln

Amsterdam-Rijnkanaal

lssel

Lekkanaal & Ussel
Beatrixsluis meer
Amerongen
Ireneskuis . / Lake
€ o ’ Nederrijn Heveadorp
Rotterdam
Hagestein Marigkesluis
Pannerdensch kanaal
Dordrecht Bernhardsluis

Location Weir complexes Hagestein, Amerongen and Driel

Duitsland
/Germany

Figure 11 - Schematic map of weir-locations in the Nederrijn river

Besides this physical/geographic scope some limitations will be made that are also
mentioned in the program of requirements in paragraph 5.8.

A wide variety of designs and hydro-power schemes can be thought of in this situation,
but only the most promising variants have been worked out in detail as shown and
described in paragraph 6.1.
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3.2 RESEARCH METHOD/PLAN

The method used consists of the following steps:

1.
2.

3.

First information and data is gathered about the location.

Based on gathered information layouts or hydropower schemes were made,
making provision for both free-flow and head-based hydro.

A generic turbine will be considered, where no specific type is chosen yet. This to
determine the available energy in the flow and to make an estimate of the amount
of turbines and their size.

Various turbine techniques will be considered in the considered layouts. A quick
assessment is made to determine the most promising techniques and these are
worked out in further detail, which entails making an hydraulic model for the
losses in the used system to determine what is left for power production. The
calculation is based on literature and is verified by software that is commonly
used in civil engineering practise at Arcadis.

Once the power and energy production calculation method is ready, the variants
developed by the generic turbine are run through their respctive model to find the
optimal configuration for each considered technique.

When the designs and dimensions are determined, a cost estimation is made to
find the initial investment required to make a certain hydropower scheme with a
certain technique. This is used, along with the energy production, to determine
the levelized cost of electricity and internal rate of return.

With this known the variants are compared and the preferable variant(s) advised
to the reader. From these actions conclusions are drawn, recommendations made
and the research concluded.
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4 LITERATURE STUDY SUMMARY

The hydraulic theory involved with calculating the energy production of a hydro-power-
plant is quite extensive. Therefore the literature study is summarized here and the full
review can be found in Appendix 2 - Literature review.

Also the existing technologies are briefly discussed.

4.1 INTRODUCTION OF HYDRO-POWER-FORMULAE AND PRINCIPLES

The hydropower equation can be derived by starting with the commonly known 1st (first)
rule of thermodynamics and making the following assumptions:

1. Flow goes through a restricted volume, a pipe-system, from the upstream end to
the downstream end;

2. Changes in temperature while the water flows through the system are negligible
(i.e. thermal energy content before and after is equal and change is zero);

3. The fluid is incompressible (constant mass-density);

4. At any section in the pipe-system the cross-sectional area multiplied with the
velocity equals discharge (i.e. Q = v+ A);

5. the energy flux through this system is only dependent on the loss of potential
energy in terms of elevation.

Assumption number 5 also means that at the system boundaries there is no change in
kinetic energy. Meaning the flow velocity is equal between the inflow boundary, a cross-
section some distance before the inflow, and the outflow boundary, a cross-section some
distance after outflow of the pipe-system.

With these assumptions the energy flux is defined as follows:

The energy flux %E is determined by the amount of mass flowing through the system per

second pQ, being accelerated by gravity g, thus creating impulse (force per second) and
traveling in the same direction as this impulse (vertically downwards) over a distance AH
thus producing work per second commonly known as power.

The so called “hydro-power-equation” (4 - 2) is derived from this energy flux (4 - 1), by
introducing an efficiency factor of the system #;,;:

d. . _ (4-1)
ZE=prg-AH-Q
Pznsys'p'g'AH'Q (4'2)
Where:
%E = Energy flux in Joules per second [J/s] or Watt [W]
i = Mass density of the fluid at location “i" in the system in [kg/m3]
g= gravitational acceleration (in this report assumed to be constant with
a value of 9,81) in [m/s?]
Q= Discharge through the considered system in [m3/s]
AH = Water-level-difference over the considered system in [m]
P= Power output of the system in [kW]
Nsys = System efficiency factor of the considered system, for a turbine is the

effectively produced power per present energy flux.
Dimensionless, [0,0 <7 < 1,0]
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Also important to clearly define is Bernoulli’s equation, where assuming no energy losses,

at any point along a streamline the following holds:

H(x) =

p()

—+z(x) +

(())

= h(x) + h,(x) = constant

Where at location x anng the system axis (flow line):

(4-3)

H(x) = Energy-head in [m]

%= Pressure-head in [m]

z(x) = Elevation-head in [m] with respect to a pre-defined constant reference
level (see also Figure 12 below)

h,(x) = (u(x)) = Velocity head in [m] with u(x) being the flow velocity in [m/s]

h(x) = Hydraulic head, sum of pressure- and elevation-head, in [m]

i.e. h(x) = %+ 2(x)

When including losses between two points along the stream-line the Bernoulli-equations
needs to be altered slightly, by adding a loss-term. This loss term can be a change in

velocity head and/or hydraulic head.

AH = H(x,) — H(x;) = Ah + Ah, (4-4)
Where AH = Water-level-difference over the considered system in [m]
2
H,h,z | Bernoulli’s equation: H, = &2 + h,
A 2945
Energy — head
F“““““““Ar """ ~
|t _ ¢ Pl |
|29 2942 Py 3
Q, Reference level y 2=0
q . —}‘ --------- —_— e — — — — q
4 Z
\
N R
‘1;1, h,z |Equation including losses: H, = M-F , © H=H,= W-I- 2 + AH)hs

Local loss

~A— - Enirgy — /lead
v _ % |
29  2gA3 §
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X

Figure 12 - Bernoulli's equation visualised both with and without losses.
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4.2 HEAD-DISCHARGE-RELATION

From (4 - 2) it is clear that the amount of energy for a hydro-power turbine is
dependent on both the discharge and the head-difference over the turbine. However,
these quantities are different from available head difference and discharge. Therefore,
the following relations are required:

AH, = f1(Qavas AHava) (4 -5)
Q¢ = f2(Qava AHgya) (4 = 6)
Where:
AH, = Head difference over the turbine in [m]
Q= The discharge going through the turbine in [m3/s]
f(QuvarAHopg) = A function of Q,,, and AH,,, resulting in the head-difference over
the turbine in [m]
Quva = The available discharge in [m3/s]
AHyp, = The available head difference in [m]

Note: Both Q,,, and AH,,, are boundary conditions for the design of the powerplant.

Formula (4 - 7) can be derived from Torricelli’s law (see also “Head-discharge-relation”
in Appendix 2), giving the exit velocity of a fluid from a orifice (hole or opening in an
container) at a certain height below the fluid-surface, and using assumption nr. 4. This
formula gives the discharge for a system that has (turbulent) flow through a pressurised
(pipe) system.

Q=u-A-J2-g-0H (4-7)

Where:

Q=A-u Discharge through the considered system in [m3/s]

A= Physical cross-sectional-area through which the water flows in [m?]
u= Dimensionless discharge coefficient that scales the

cross-sectional area A such that the correct discharge is found.
AH = As defined before in (4 - 2) , the water-level-difference over the
considered (part of the) system in [m]

4.2.1 Hydraulic losses

Hydraulic losses, or also called head losses, are expressed such that they are
proportional to the velocity head (see (4 - 8) ). This can be derived by rewriting (4 - 7).
The losses can be categorised in several ways. For instance if they occur locally or over a
distance. Most important is that the sum of them determines the discharge through the
whole system. Most common losses that occur in pipe-systems are: inflow, contraction,
expansion, outflow and friction.

The head-loss in each part of the system can be determined by the related loss-
coefficient &; (Xi), that are being used in the design of sewage systems and other pipe-
flow situations. These Xi factors can be found in many literature references, among which
Deltares ‘s guide for designing and maintaining sewage-transport-systems [14], and
more in depth in W.H. Hager’s “"Wastewater Hydraulics - chapter 2 Losses in flow” [15].

The head-loss scales quadratically with the flow-velocity, as can be seen below:

2 2
A -
MMy =850 =85 (4-8)
Where:
AH; = The head-loss in a particular part “i” of the system in [m]
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& = The dimensionless loss-coefficient that determines what fraction of the
velocity head results in loss of energy head. (Note the energy-head is
not necessarily reduced, but the losses scale with the velocity-head).

u; = The flow-velocity in [m/s] at point “i” in the system that governs the
losses, sometimes this is the veIOC|ty before, at or sometimes after the
point of interest. Is Determined by discharge Q; and cross-sectional
area A; at point “i”

Hager also references the book about hydraulic losses from I.E. Idel’cik [16], which is an
extensive work that uses both theory and experimental data for determining loss-
coefficients and has been reprinted and updated several times.

In Appendix 2 in the paragraph “Loss-coefficients” the relevant factors have been

described in further detail. The losses included in the hydraulic models for this thesis are:
1. Wall-friction losses

Expansion losses

Contraction losses

Inflow losses

Combining conduit losses (Y-junction)

Outflow losses

Trash-rack losses

NoubkwnN

4.2.2 Quadratic resistance coefficient

In the case of a system with elements in series, like the turbine system in Figure 14, the
sum of the losses AH; must be equal the total head-difference over the system. With that
in mind the following equations can be formed:

Q* ¢
AHeys = ) AHy=o—- ) -3 (4-9)
i=1 9 i=1 !
Where:
AHgys = The head-difference over the entire system, the total available head-
difference in [m]
N, AH; = The sum of all the head-losses due to elements “1” up to and including
element "N”

Due to continuity (Q;, = Q,.:, because flow of mass is equal, and due to density remaining
constant also volume V must be equal: m;,, = my,,: (=) Vi, = V,ue), the discharge in the
entire system is the same for each entry (Q; = Q,). Therefore, writing out the sum and
solving for Q;, gives the relation for Q, in terms of AH,,,.

For shorter writing the equivalent loss coefficient “¢,,” and the quadratic resistance
coefficient “C" are defined as:

N
$i
—42. ) 2oL
Seq = At ;Ag (4 - 10)
N
1 $
sys _ = _ eq
c= 2 Z 29 A (4-11)
Where:
eq = The equivalent loss coefficient.
C= The Quadratic resistance coefficient in [s2/m®]

Note that most & values are dependent on the diameter and geometry of the turbine and
thus &, too
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4.2.3 Energy extraction

When involving energy extraction, not all of the changes in head are due to friction or
turbulence any more. A “head-difference” caused by the turbine is introduced. The
discharge for all terms is the same Q and gravitational acceleration g is also assumed
constant. The sum off head-differences is then:

M
AHgy =ZAHl- =AH, +Q}-C (4-12)
i=1
Where:
AHgys = The head-difference over the entire system, the total available head-
difference in [m]
M AH; = The sum of all the head-differences due to elements “1” up to and
including element “*M”
Q- C= The sum of all the head losses, sometimes also referred to as
“minor-losses”, caused by friction, turbulence and the like, in [m].
AH, = The head-difference over the turbine in [m]

The head over the turbine is determined by turbo-machinery theory.

In Figure 14 a simplified pipe-system with turbine is schematised. In this schematisation
some assumptions have been made:

1. The cross-sectional area A, before (upstream) and after 4, (downstream) of the
turbine blades are assumed equal (4; = A;)

2. Ignoring internal workings of the turbine with interaction with the rotor blades,
the head-difference over the turbine is equal to the hydraulic-head-difference
(i.e. AH = AH, = hy — h, = Ah, see also formulas in Figure 13). The useable
head over the turbine is not dependent on change in velocity head.

This isn't such a strange assumption for reaction turbines considering designs like shown
in Figure 13. Even if the area’s aren’t exactly the same (e.g. 4, > A4,), the head-
difference is AH = AH, + AH,, where AH, is due to the geometry and AH, due to the
turbine, see also formulas in Figure 13).

N L AZ Al = AZ
-
\.\\\\ {L‘: - 7] -- Dz_in
- — T N2 2
D DlZ_out Ai = Z (Di_in - Di_out)
/ T
Hy =H, — AH - hy + o =h, + % _ AH Bernoulli’s equation
1 2 12 1T Sgea2 2T 2gea2 t q
QZ QZ .
h1+m=h2+m+AHA—AHt, (WlthQ1=Q2=Q)
2
From that:  AH, =h, —h, and AHy=2(5—=), thus: AHy, = AH, +AH,
2g \42 42

IfAHAZO (A1=A2), then: AHZAHchl—hZ =Ah

Figure 13 - Pentair Fairbanks Nijhuis fish-friendly-turbine and formulas regarding head-difference
assumptions - source: image used with permission from Pentair Fairbanks Nijhuis
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With these assumptions Figure 14 shows what happens with the Energy head, velocity
head and hydraulic head for both the situation when energy is extracted and when it is
not.

Section 2 /\ Section 1

|
|

-~ Energy-head (Hy) Ag
N G ’

in [m]
Hydraulic-head (h,)

— energy taken out
of the system

Ahturbine

_________ R H,h

in [m]
‘- hydraulic-head (h,)

) 2 Ah =~ 0 — NO energy taken out
Velocity-head H/ \o?{he system
) x in [m]

Figure 14 - Simplified, ideal hydropower system. Wall friction, inflow and contraction losses
considered negligible.

Comparing the situation schematised in the bottom graph of Figure 14 (without energy
extraction), it can be seen that the velocity head in this case is much higher than in the
case of the top graph (with extraction).

This is also the reason why, when the generator is not enacting any resistance/load on
the rotor, the turbine will free-spin, which leads to a much higher rotational speed than
when the turbine is experiencing load.
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4.2.4 Turbine theory
A turbine is a machine that falls in the group called “turbo-machines”. The definition of
which, according to Dixon 1998 [17], is as follows:

"We classify as turbomachines all those devices in which energy is
transferred either to, or from, a continuously flowing fluid by the dynamic
action of one or more moving blade rows." - Dixon, S.L. 1998 [17]

The turbine obviously taking energy from the flow. From this theory a head-discharge
relation is derived in Appendix 3 — Turbo-machinery-theory. The method uses the
specific speed derived with the dimensional approach known as the Buckingham’s Pi
theory. Using two dimensionless terms, such that the diameter cancels out of the
equation, the power specific speed and from that the specific speed relations are derived
as shown below:

1
(Py_ N (B s N (M)z o
Nsp ) 5 ) p ; n.p.g.AH.Q) p 5 = Ns = LQ‘%’Z (4 - 13)
Wl (g AH)* (g AH):
Where:
= ﬁ The dimensionless power coefficient
N (%I){Z The dimensionless head or energy transfer coefficient

The (power) specific speed in [rpm] or “revs”
The head-difference over the turbine in [m]

The discharge through the turbine in [m3/s]
Turbine power in [kW]

Rotations speed of the turbine in [rpm] or “revs”
The specific speed in [rpm] or “revs”

The turbine efficiency in [%]

2
=

o~

ZZ"UQEZ'S i~
[
Il

1%]
Il

=

The specific speed can be seen as the comparing two similar turbines where, for
instance, one is a prototype and the other is the full-scale turbine. The dimensionless
coefficients will stay the same for both.

When for instance the diameter changes with factor x, to keep the same specific speed,
the produced power will change with factor x to the 5% power.

The prototype is defined in such a way that it will generate 1w of power at 1m of head
and have a discharge of 1 m3/s (hence the name “specific”, this means per unit discharge,
power, and head).

Turbine discharge from specific speed

Due to the fact that both head-difference and discharge are in this relation for specific
speed, the function can be used to determine the head-difference over the turbine when
combined with the head-losses in a pipe-system. The AH,,pin in formula (4 - 17) was
still unknown as of now. Rewriting (4 - 13) a relation between the turbine discharge and
head-difference is found:

4

2
(- Q)3 (Ny3
—l

AH, N (4-14)
Where:
AH, = The head-difference over the turbine in [m]
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Combining above with (4 - 17):

2 4
bsti 2 3 /N\3
Moy = My +QF € T My = (@0 - (37) + 02 € (4-15)
S
Where:
AHgys = The head-difference over the entire system, the total available head-
difference in [m]

Q?-C= The sum of all the minor losses in the pipe-system in [m].

To find the relation to be found suggested in (4 - 6) (that is: f,(Quve, AHave)), the equation
(4 - 15) needs to be solved for Q.. This can be done numerically by means of Newton-
Raphson method [18].

In the hydraulic models in this thesis where the turbo machinery theory is used, this is
written as a loop and gives a numerical function Q.(AH,y,C, N,N;), that can be used in
other formulae to plot graphs and calculate other quantities like power output or the
head over the turbine.

To make the relation complete the discharge of the complex is limited to the available
discharge:

Qplant = min(Qguyq , Ntactive * Q:(AHgyq , C, N, Ny)) (4 -16)
Where:
Qplant = The total discharge going through the power house in [m3/s]
Quva = The available discharge in [m3/s]
Q:(AH,,,C, N,N,) = The discharge through the turbine for a particular available head

difference AHg,; = AH,,, Over the system and geometry
determined by C, N, N;
N¢ active = The number of active turbines

4.2.5 Optimisation of power output and the Speed ratio r;

To achieve the highest annual energy production the turbine should run on as high a
power-output as possible for as long as possible. Knowing where the peak-power is found
within certain ranges of the parameters is therefore useful.

The numerical function of Q.(AH,,,,C, N,N;) that is found in the previous paragraph is
now dependent on 4 variables, namely: AH,,,,C, N and N;. To reduce the number of
variables it is practical to define a speed ratio r, as N over N;.

_N _ N 4-17
rs—NS orrsp—Nsp (4 - )
Where:
T, = The speed ratio [dimensionless].

When a fixed rotation speed N is assumed the amount of variables Q, is dependent on is
reduced to 3 of which:

1. AH,,, is a boundary condition given by the flow regime;

2. r, is a desigh parameter.
In the case of a (double regulated) Kaplan turbine, this variable can also be a
configuration parameter as the geometry can be altered during production.

3. Cis another design parameter dependent on the chosen geometry

The discharge for a given head-difference AH,,, and Quadratic resistance coefficient ¢
can then be plotted as function of the speed-ratio r, (see Figure 15).

Page| 20



MSc thesis report - Ing. S.R. van Erp 17 juli 2019
_ Assumptions:
2 1. Fixed rotation speed N = 78 rpm
B 2. Fixed tube geometry (C = 4,47 - 1075 s2/m"5)
e (06 3. Variable N,
o 5 4. r, dependent on N, and r, corresponding with
3’ - i turbine resistance to flow (i.e. blade angle,
o . L 5 generator load, guide vanes angle, etc.)
R L S
ﬁ 20{]: e T Y : Legend: AHa.va =0,5m
0 :
A 175+ Voo AHg,, = 1,4m
Gan) Y X N et AHgyq = 2,0m
125 T
S R AHgy, = 2,3m
‘et w0 o= AHg,, = 3,0m
) " - . _--'-',rwu.q.r_ql >
00, 05} 1D L5 2.0 25 3.0 10 45 50 N 78rpm

P Speedratiorg = N N
s

Qe(rs = 3,0)

Figure 15 - Discharge as function of speed ratio for a fixed C coefficient and available head

This can also be done with the head difference over the turbine, as equation (4 - 14) can
be written with the speed ratio r; as well:

% (4 -18)

4
AH, = =12 ()3

(@)

g
In Figure 16 on the next page the turbine head (AH,), discharge (Q,) and power (P,)
have been plotted for various available head differences (AH,,;) and a chosen quadratic
resistance coefficient (C), that is based on the system installed in Maurik! (value of C
shown below). This shows the influence of the speed ratio as explained in Important
note 1 after that.

1 z’v: R 0,102
29 LuA? T 2g-(A)? 2-9,81m/s?- (10,80m?2)2

~ 4,47 - 1075 s? /m>

Craurik =

1 The more detailed characteristics of HPP Maurik are provided later in this chapter.
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For a fixed rotation speed N = 78rpm and discharge coefficient C:

AH,(AH 4y, C, 1) Q,(aH,,,. C 1,)
4 1 106) "  (0.6)

g 3.0 : S e = ]
= o T o
g 275 - z
- e | * —_
ny 2507 . ~
D 595 ; = ez pe——— =Y
Q m .- )

i - =
S 2001 RN s e — S
S A T L g
~ L75¢ L B P <=
S e o
: 1.50 ¥ -S

T aeeeeserreenaesaes caes
S 125 Ao E
L

S 100+ ,-,5 R RS
= " S
S 0.75 | ;S
T 050+ ! ~

; - - ; ; ; > O+ i - : =
5 18 21 24 27 30 00 0.3 06 09 1.2 L5 L8 21 24 27 30
= Speedratio ry - Speedratio ry

HE06

P,(4H,,, C,T,) = pg * AH, * Q,

Qt (rs = 0,1)

Figure 16 - Plot of head, discharge and power ratio against speed ratio r; = Nl See Appendix 3
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Important note 1

Assuming a fixed rotation speed of the turbine “"N” (often also required for
network frequency stability), the speed ratio functions as a measure for resistance
of the turbine where a zero speed ratio equals no resistance of from the turbine:

=0 - AH,(r,=0)=0

For a given Kaplan turbine this means that when the rotor blade angle and guide
vane angle is set to fully open as well as the generator resistance set to zero, the
specific speed of the turbine theoretically goes to infinity. Thus:

as r,—>0 then N;— and AH.(r;) - 0

When 7, is exactly equal to 0 one can imagine the rotation speed N is also 0 and N;
is undefined at such a moment.

When speed ratio r increases, then so does the resistance of the turbine
to the flow. Consequently N; must decrease. For a given Kaplan turbine, a low
specific speed corresponds with angles for the rotor blades and guide-vanes that
are closed as much as possible without fully blocking flow and the generator also
giving maximum resistance. Therefore:

as 1,—> o then Ng— 0 and AH.(r,) -» AH,,,

Technically the specific speed cannot really reach zero (N; # 0), nor can the head
losses be completely zero when there is flow. In practise it is:

as Ts = Tsmax then Ns - Ns,min and AHt(Ts) - AHt,max
Where:

AH; oy = AHgpq — C - (Qt(rs,max))z
2
g- (AHtrmax)3/4 _ g- [AHsys —-C- (Qt(rs,max)) ]
(Qt(%.max))l/z
N _ N- (Qt(rs,max))l/z

Tomax g [AHsys —-C- (Qt(rs.maX))z]

3/4

rs,max - Q1/2

N min = 3/4

The head-difference over the turbine AH, can be normalised by the available head
difference over the structure AH,,, (see (4 - 19) below). The discharge through the
turbine when loaded Q.(r, > 0) can be normalised with the discharge that goes through
the system when no load is applied (see also Important note 1 and formula (4 - 20)).

The power can be normalised by the product of the available head AH,,, and the
unloaded discharge Qu...qa, Which is equal to the total the energy flux when no load is
applied or equivalently is the sum of the power taken by the turbine and the energy flux

of the losses (i.e. ‘;—fNoLoad =P 9" Qnotoad " MHava = 7=+ 72, see formula (4 - 21) below).

dat '
All of these normalised values are shown in the relations below:

AH(AHgyq, €, 75)

R Y (4 - 19)

AHgyq, C,
TQ(AHava: C,r) = Q(AHgy, %) _ Q:

Q(AHavar C,0) B QnoLoad (4 = 20)
Py P g 'Qt'AHt(AHava!C!rzs)
7p(BHgpa, C,75) = = .- . =Tu'Tq 4-21
max (% Eflow) P g QNoLoad AHava ( )
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Where:

Ty (AH gy, C, 15) = The dimensionless head ratio as function of available system
head, quadratic resistance coefficient and speed ratio.

7o(AHgpq, C,75) = The dimensionless discharge ratio as function of available
system head, quadratic resistance coefficient and speed ratio.

Q; = the loaded discharge (where the turbine gives resistance to the
flow) in [m3/s]

QnoLoad = the unloaded discharge in [m3/s]

In Figure 17 these factors are combined with Figure 16 resulting in a plot of the
normalised head, discharge and power:

Plotted against speedratio are for: AH,,, = 0,50m: = 3,00m:

) AHp | e
Head ratiory = —+
A ava

Discharge ratiory = L
QNoLoad

Powerratiory =1y 1) | =mmmm—————

o o o S S S S S S e e

ry(AHg,q = 3,00m)

L » Head ratio for max power ry = 0,67

——» Discharge ratio for max power ry =~ 0,58

] 0.250 0.5 0.78 1.25 1.5 1.75 2 2,25 2.5
]

) . . N 78rpm
s pmax = 0,31 0,78 Speedratior, = NN

Figure 17 - Plot of head, discharge and power ratio against speed ratio r; = Nﬁ See Appendix 3
S

Interestingly, the power output peaks at a certain value of r,. This is because Q, and AH,
have a more or less reciprocal relationship, where the discharge decreases with
increasing turbine head. The maximum of the power P, is B, .., consistently occurs when
the turbine head is around 0,667 ~ 2/3 of AH,,,. The speed ratio where this happens
however, is different for each combination of system head and discharge coefficient C
(see also Figure 17 above).
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Important note 2

This head-ratio of r; = 2/3 is only relevant when enough flow is available for the
chosen diameter. If the available discharge is less than Qy,..qq Of the turbine, then
the discharge curve has a point where it reaches its maximum and doesn’t
increase more if the speed ratio is reduced further. In other words r, will not reach
1,0 when r, goes below the point where Q,,, < Q.(r;) This has the effect of the
location of maximum power in the graph is shifted to the right and no longer
coincides with ry = 2/3.

The maximum power output and related head ratio is therefore very much
dependent on the available discharge and the size of the turbine. There is not one
fixed head ratio that gives maximum power for all situations.

Examples

To illustrate the statement in the Important note 2 two examples have been worked
out in Appendix 2. First one uses a head ratio of 95% and the second one a head ratio
of 2/3 for a situation where there is an available system head of 1,4m. The turbines are
designed such that both generate the same amount of power of 130,4 kW.

Summarizing the calculation results in the table below:

Quantity Unit Case 1: Minimal loss  Case 2: Minimal size
T - 95% 67%
AH g0 m 1,40 1,40
AH; m 1,33 0,93
AH, g6 m 0,07 0,47
Q: m3/s 10,00 14,25
QnoLoad m3/s 44,65 24,71
To — 0,224 0,577
Ui — 100% 100%
P, kw 130,4 130,4
D, m 2,24 1,67
A, m? 3,92 2,18
Ts rpm/rpm 2,17 1,39
Seq - 0,212 0,212
Cy s?/m5 7,02*10% 2,29*10°

Table 1 - Summarizing results of example calculations for two different head-ratios ry,

A downside of the system in case 2 is that the turbine will stop working when the system
head is low, due to the fact that:

AHava,thres = Tﬁl 'AHt,thres (4 = 22)
Where:
AH, thres = The minimum required (threshold value) head over the turbine for it to
(start) work(ing) in [m]
AHgya thres = The derived minimum available head for which the turbine still

works in [m].

So for the case 2:
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AHava_thres =15- AHt_thres
Where the other system from the first example will work up till:

AHava?thres = 1,053 - AHtfthres

On the other hand, the diameter of the turbine with the 2/3 head-ratio is a factor 74,5%
smaller and the discharge area even a factor 55,6% smaller. Therefore it depends very
much on the location and the hydraulic resources what is the most optimal choice of
head-ratio.

If there is enough space, the hydraulic efficiency is highest when the highest head-ratio
is chosen. This means that the largest possible diameter needs to be chosen, because
then the quadratic resistance coefficient C is lowest and the head-losses smallest.

4.2.6 Annual energy production
The annual energy production is a time integral of the power, as shown in (4 - 23).

tyea‘r
Egnnual = j P(t) dt (4 - 23)
0
Where:
P(t) = The instantaneous power output of the considered system

at time t in [kW]

The resource supply (discharge and head) for a hydro-power turbine is not always
present and thus a turbine can often not run at full capacity the entire year. They have a
considerable time of “down-time” or times where the turbine runs at reduced efficiency.
In the energy production industry a common way to express the percentage of “uptime”
is by the Capacity Factor.

CF = Eannual — tfull—load (4 _ 24)
tyear Pratea tyear

Where:

CF = Capacity factor in [%]

Epnnual = The amount of energy produced in a year by the considered system
in Joules [J] or more commonly in kilo-Watt-hours [kWh]

tyear = Amount of time in a year in [s] or more commonly in [hours],
which is about 8760 hours.

truli—load = The equivalent amount of time in [hours] the turbine runs at full capacity
in a year. (tfu”_load = %)

Pratea = The rated (maximum) power-output of the considered system

in Joules per second [J/s] or more commonly in kilo-Watts [kW]

As noted in the problem analysis on page 5 global average capacity factor for hydro
power, according to IPCC report on hydro-power of 2015, is 44% [10], which was based
on a combined capacity of 926 GW (gigawatt) and combined annual energy production of
3,551*10% GWh/year (Gigawatt hours per year).
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4.3 CAVITATION LIMITS

Cavitation is quite a complex phenomenon and will not be examined in too much detail.
However, it has an influence on the design as it determines the depth at which the
turbine needs to be installed.

In simple terms cavitation happens when the static pressure of the fluid is reduced to the
vapour pressure for a certain temperature. In practise it is a more complex phenomenon
and dependent on the physical state of the liquid. [17, p. 13]

Gasses dissolved come out of the solution when pressure goes down and create gas
cavities. Interestingly, when no particles have been dissolved, a liquid can actually
sustain negative pressures (tensile stresses), however this has only been achieved in
laboratories and is not working practise for turbo-machinery.

From the hydro-power theory the admissible head formula is used:

hs aam = hat = hyap — 075 hf (4 - 25)

Where:

hsqam = The admissible draft head in [m]. This is the minimal depth below the
operational tailwater level.

hy = The usable fall head in [m]

hge = The atmospheric pressure head in [m] h,, = %
(at sea-level about 10m)

hyap = The vapour pressure head in [m] h, = Z—;

Ors = Thoma's cavitation coefficient.

For Kaplan turbines a graph is available based on specific speed N,. Also important to
note is that the vapour pressure is temperature dependent. The vapour pressure head
h,qp is larger with higher temperature (see Table 2).

Temperature in | Vapour pressure 25
[°C] head hy,y, in [m] bl o ‘
0 0,062 t |
10 0,125 20
20 0,238
30 0,433 1,5 Kaplan turhines
40 0,752

Table 2 - Vapour pressure head for
different temperatures. - Source: Lecture
slides Hydro-power engineering

150 200 250 300

Figure 18 - Thoma's cavitation coefficient o5 per
specific speed N,
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4.4 EXISTING LOW-HEAD-HYDRO-POWER-TECHNOLOGIES

Various low head turbine technologies exist and each source has different tables of
operational ranges of these techniques. Some of these and their operation ranges are

listed below:
Turbine name Head Flow Discharge | Efficiency | Fish passage
velocity mortality rate

m m/s m3/s % %

Kaplan in general | 2,0-15,0 | - 1-100 82-95 13,0

Kaplan fishfriendly | (0,3-) - 1-150 82-95 2,0

Pentair 1,0-15,0

Archimedes screw | 0,5-10,0 | - 0,01-10,0 80-88 5,0

Zuppinger wheel 0,5-2,5 - 0,5-0,95 71-77

Overshot wheel 2,5-10,0 | - 0,1-0,2 85-90

Breast-shot wheel | 1,5-4,0 0,35-0,65 79-85

Stream-wheel - >1,0 - 29,5-36,3%

Oryon watermill - >1,0 - ytbd ytbd

Tocardo - >1,0 - 30-40% no evidence of

fish mortality

Table 3 - existing/considered low head hydropower technologies
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4.4.1 Reference project HPP Maurik

The hydropower-plant near Maurik is the one that comes most close to the situation of
Driel and is therefore one of the most interesting Hydro-power stations for to this
research. Maurik is downstream of Driel and was built in 1988. A cross-section of the
station is shown below.

/
£ \
/
/
BENEDENSTROOMS / ‘/ BOVENSTROOMS
Erit=]
R, Y AR Y
S _,j 1
= |
" ‘l
" “ |
; 1 |
T P {1
o ¥ TR e T P S N
De Rijn, energie opwekking. Waterkrachtcentrale

bij de stuw Amerongen in de Nederrijn.

Figure 19 - Cross-section Power-house Maurik. At the time owned and operated by PGEM, now
NUON/Vattenfal - source: [19, p. 8]

As can be seen, Maurik has horizontal axis Kaplan bulb turbines. In Appendix 12 more
information is given about the Maurik power plant. Most important information is that
Maurik HPP is shown in the table below:

Technical data:

Description Quantity Unit Value
Number of turbines n; - 4
Turbine rotor diameter D, m 4,0
Discharge per turbine Q: m3/s 100
Average system discharge Qsys avg m3/s 250
Largest head-difference AH 0y m 4,0
Average head-difference AHgyg m 3,5
Rated power of turbine P ratea kW 2.500
Turbine rotation speed Nyotor rpm 78,0
Output rotation speed gearbox Nyear_out rpm 750,0

Table 4 - Performance data HPP Maurik - Source information: NUON

Also important to note is that the maximum head difference noted in Table 4 doesn’t
coincide with the maximum discharge, but rather the opposite (maximum head with
minimal discharge and vice versa).

Quite notable is that the capacity factor for Maurik lies much lower than the global
average of 44%, as can be seen in Table 5. This may be due to the shared function with
the weir (shipping and power production).
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Below performance data gathered from NUON is shown.

17 juli 2019

Description Quantity Unit Value

Initial investment Costy;(1988) | Min. fl. 66,0
Current value of initial investment Costipir(now) | Min. € 54,0 (120 min. fl.)
Rated power Plant Prated,sys kw 10.000
Average annual energy production Eqnn GWh 20,0-25,0
High average full-load-hours per year truti-10ad hr 2.000-2.500
Capacity factor (high production) CF % 22,8%-28,5%

Table 5 - Performance data HPP Maurik - Source: NUON. Guilder (fl.) in 1988 have been converted
to current day (2019) value and currency using this source [20] and rounded to millions.

Some screenshots from NUON showing the operator’s screens were received, included in
Appendix 12 which were compared with flow data from Rijkswaterstaat.
From that a resistance value can be estimated and also a head-ratio for this moment in

time. The head-ratio is quite high, namely on average 96% the losses being on average
3,85%.

The specific speed is on average 44,1 rpm and with that the quadratic resistance
coefficient for the turbine at this time is:

(2,92m — 2,83m) s 52
Cyaurik = (46,6—1713/5)2 =4,47 - 10 E
However, this value can change, because it being a double regulable Kaplan turbine (as
established in theory section before (paragraph 4.2.5). In Figure 20:

Discharge in [m3/s]

0

-
.‘ ..- .-‘.-Q-‘..
.‘.
..-

“na
- e i

[P ——r—
0.6 11 1.6 2.9 2.6 31 3.6
Hn Net head-difference in [m]

;

Figure 20 - Hill-chart indicating power-output (black solid lines) and efficiency (blue dotted lines)
of the Kaplan Bulb turbine in Maurik HPP. (Red cross indicating the position of the moment the
screenshot was taken (6% of June 2019 around 11:25) - Source: NUON

Using the turbine theory from paragraph “Turbine theory” the graph from Figure 20
was reconstructed with a simplified efficiency curves shown in Figure 101 and Figure
102 in Appendix 12. The Isobars of power-output match quite well at the extremes of
the curve and only lag behind the actual curve slightly in the middle. This in a way also
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proves that the theory is indeed applicable for the situation in Maurik and similar
situations.

4.4.2 Reference project Dommelstroom

For the Archimedes screw as reference is used the project "Dommelstroom” in Sint
Michielsgestel. The turbine there is an Archimedes screw fitted with a frequency
regulator, so it can change its rotations speed to optimise output. It is operational since
October 2016 and has had 2 full years to produce energy as of now.

Quantity unit value

Head difference m 1,8
Diameter m 4,0
Number of blades - 4
Pitch length (estimated) m 5,5
Distance between the blades (estimated) m 1,25
Length m 6,0
Axis length m 8,0
Inclination angle ° 22
Discharge m3/s 8,0 to 10,0
Rotation rate rpm 20 to 25
Weight screw kg 13.000

Table 6 - Dommelstroom turbine dimensions - Source: [21]

Interestingly, the height difference that can be found by taking the screw length and the
sine of 22° is 2,25m, which is larger than the stated head-difference. Apparently the
screw can take more than the indicated 1,8m. This means that the Dommelstroom
turbine is equipped to also handle the ranges of interest for Driel, so this existing design
can be used for an estimate.

Recreating this turbine from theory:

T v .
Figure 21 - 3D image of reconstructed geometry of the blade edge and connection to central axis
of the Dommelstroom turbine and a picture for reference

The discharge that is found with Lubitz and Kozyn’s method [22] by determining the
bucket volume and then multiplying with the rotation rate as follows:

wscrew

2m

(4 - 26)

Qpuc = Np * Vi *
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Where:

n, = The amount of blades (4 in Dommelstroom turbine)
Viue = The bucket volume in [m3/s]

Wserew = The rotation rate of the screw in [rpm]

For the stated 20 rpm the discharge is with a full bucket (i.e. fill level is 100%) is
12,8m3/s. With a rotation speed of 25rpm the discharge is 16,0m3/s. This is of course
without flow losses (leakage) or considering the fill level. The actual discharge is less, as
is also given in the reference figures in Table 6.

The performance of the Dommelstroom turbine is shown below:

Quantity unit value
Rated power output kW 120
Estimated efficiency % 68 to 85
Average annual energy (claimed) kWh/year 600.000
Production 2017 kWh/year 365.070
Production 2018 kWh/year 371.276
Capacity factor (claimed; historical) % 57%; 35%

1.000.000
Costs (2016) € (750.000 crowd funded)

Table 7 - Performance figures Dommelstroom turbine - Source: [21]

Looking at some actual production values, the claimed 600 MWh per year seems a bit
optimistic. At least this value is not really reached the last 2 years.
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5 LOCATION ANALYSIS

Every location has specific parameters and challenges. Therefore an analysis of the
location is required. The requirements for the designs are derived from this analysis and
given in 5.8 “"Requirements and design goals”.

5.1 LOCATION IN DELTA

As shown in Figure 9 in the problem analysis, Driel is one of the first hydraulic structure
the flow from the river rhine encounters in the Dutch river delta. The weir determines the
discharge going into the IJssel river and the Nederrijn river. In Appendix 13 a drawing
with the location with respect to other topographical locations can be found. Also an
overview of the weir-complex can be found in this same drawing.

Figure 22 - Overview of weir-complex aligned to weir-river-axis (29 degrees anti-clockwise from
North). See also Appendix 13 for full-scale drawing with annotations. — Source: topography from
Kadaster [23]

5.2 STAKEHOLDERS AROUND WEIR-COMPLEX DRIEL
Most important stakeholders are:

- Hevea initiative

- Dutch National Government

- Rijkswaterstaat (ministry of infrastructure and water protection)

- Energy companies;

- Shipping and inland waterway transportation professionals and community
- Sport fishing community;

- Local and provincial governments;

- Neighbours and locals;

- KNHM and Arcadis.

Their relation and interests in the project are explained in further detail in Appendix 5.

5.3 FLOW DATA ANALYSIS

For any hydro-power project arguably one of the most important knowledge to have is
how the river behaves. The discharge and water-levels in the past is analysed, to be able
to make a prediction for the future energy production. Fortunately a long record of flow
and water-level data is available for the Nederrijn river.
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5.3.1 Discharge data analysis

Data has been obtained containing the daily average discharge measurements from the
Dutch Ministry of infrastructure [24] (called “Rijkswaterstaat — Ministerie van
infrastructuur en waterstaat”). This data has been collected for just under 60 years, from
1961 up to and including 2018 (decision was made to stop updating the database for this
research at 1t of January 2019, to have only “full years” of data. That means that the
discharge measurements have been taken even almost 9 years before the weir was
actually completed (which is in 1970, [25]). The measuring location for discharge is just
upstream of the weir of Driel, as indicated at Figure 23.

B Oosterbeek
Doorwerth

Heveadorp

Measurement location

Driel Arnhem - zuid

Heteren

@ - seectetshenen

Figure 23 - Discharge measurement location with respect to weir-complex and nearby towns
and villages - source: https://waterinfo.rws.nl/#!#!/bulkdownload/kaart,

Erroneous or irrelevant data was filtered out. Some information on erroneous or missing
data is given in Table 38 of Appendix 6.

Negative discharges sometimes occured when the water level near the weir of Driel is
higher than that of the IJssel river in very low discharge situations. This flow is usually
not more than a couple of cubic meters per second, an order of magnitude 5-25m3/s and
doesn’t occur very often. Therefore, the choice was made to not take this into account
and instead make these values a 0-discharge. This effectively means that the turbine
being designed will not work two-ways.

When the weir is fully closed with only the minimum discharge going through, the
inclination of the water between Driel and the “1Jssel-kop” at Arnhem is nearly zero, like
a reservoir lake.

5.3.2 Discharge analysis results

Peak-discharges are measured in the years 2525 | m3/s 1 Feb 1995
1995, 1993 and 1988 mostly, all in the 2515 | m3/s 31 Jan 1995
months December till March as can be seen in 2390 | m3/s 2 Feb 1995
Table 8. These are of course discharges that 2350 | m3/s 30 Jan 1995
the weir-complex must be able to let through 2320 | m3/s 25 Dec 1993
to prevent flooding of the areas protected by 2255 | m3/s 26 Dec 1993
the levees. 2193 | m3/s 30 Mar 1988
Looking at all the discharges over time it can 2155 | m3/s 31 Mar 1988
be seen large peaks and intermediate periods 2131 | m3/s 29 Jan 1995
with low discharges (see Figure 24). Both 2085 | m3/s 3 Feb 1995
from knowledge of the river and from the

histogram on the next page (see Figure 27)
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it can be concluded that there are 3 distinct
flow regimes happening that can be
schematised as shown in Figure 25 on the
next page.

Discharge
Q in [m?/s]
A

2600+
2500+
2400+
2300+
2200+
2100+
2000+
1900+
1 800+
1700+
1600+
1500+
1400+
1300+
1200+
1100+
1000+
9004
800+
00+
GO0+
H00+

[306.51, 1

Figure 24 - Discharge time-series of Nederrijn near Driel. - see Appendix 7

17 juli 2019

Table 8 - Peak discharges and date of
occurrence at the weir of Driel

Mean: 306,5m3/s

Mode: 35m3/s

2015 2020

Time line t in [years]

1970 1975 1980 1985 1990 1995

Regime c) where flow is free to behave more or less naturally and thus having a lot
variation depending on what is provided from upstream. This situation is associated with
high flow and a wide spread of discharges. Regime a) where the flow is restricted to only
the ecological minimum (officially 25m3/s, but in practise lies around 35m3/s), having a

very narrow spread.

Regime b) is where it gets interesting, because it is associated with having both
discharge and head-difference. The gates are then only partially closed. Diverting the
flow through the gates to a turbine can result in production of electrical power.
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Flow regimes a), b) and c) are all shown on the next page in Figure 25 and Figure 26.

_________ Fully cl _
| Almost flat | ______ __ M Fullycosed . Ussel
1 - 1 ) - op
vagtfr_s_u:ffc_eil (Amerongen/ (Driel) :

(Hagestein) Maurik) !
|
|

b) Partially closed IJsselkop

|
1 Freesurface I _ c) Completely open IJsselkop
:_ inclination

Figure 25 - Flow regimes in the Nederrijn. Combinations of gate settings are also possible where
for example Driel is open, but Amerongen and Hagestein are partially closed.

a) Fully closed b) Partially closed c) Completely open
Figure 26 - Three stages of the weir gates corresponding with river situations from Figure 25 -
Sources: a): RWS [26] b): Techniek & Wetenschap [27] c):Photo by Hans Behrens [28]

Combining the discharge data with the water-level difference gives a clear image of when
the gate is opened and closed and also gives an idea of the energy content of the river.
See also paragraph 5.3.6.
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Looking at the frequency of occurrence it can be seen that the median value is biased
due to the two flow-regimes. To get an idea of the distribution for un-obstructed flow
regime a distribution is shown in the cut out section in Figure 27(top right) where the
lowest 6 bins have been removed (cut at 60m?3/s).

~ -TTEJ-- --:-33;5‘_123.53
: i Mode value = 355 m?3/s
1

Mean value = 423,6 m3/s

% of occurrence in total data-set

28 Aes

§ 1100 200 300 108 500 600 700 800 000 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
L "

O 100 200 300 400 500 600 700 SO0 900 1000 1100 1200 1300 1400 L"a-I'J-[I 1600 1700 1800 1900 2000
' Discharge Q in [m?®/s] (Axis cut at 2000m3/s)

\ Biased Mean value = 306,5m3/s

Biased Mode value = 35m?®/s

Figure 27 - Histogram from discharge time-series of the Nederrijn near Driel. - see Appendix 7

Immediate observation is that the mean is higher and the most occurring value for this
distribution is 355m3/s. However, just removing the lowest 6 bins still doesn’t remove the
entire effect of the weir as it can let through a considerable discharge (till about
440m?3/s).

Figure 27 shows the difficulty with separating the different flow regimes. From discharge
alone the power cannot be determined. This data needs to be combined with water level
differences.

5.3.3 Average values over time

As can be observed in the 48 year daily average in Appendix 7, over the year the
discharge feed from upstream is highest in the months December up till about April. In
the months July to November often a period of low-discharge is occurring. June seems to
have a small peak as well, in contrast with its preceding month May. In general late
summer has low discharges and spring sees the highest discharges.

Looking over multiple years, especially from 1980 till now the discharges seem to slowly
decline, namely with about -1,76% per year with respect to the average value. In Figure
28 the trend line for the data later than 1980 tangents the 30-year averages and
appears to be a good average for 10-year and 1-year average discharges from 1980 up
to and including 2018.

If the trend-line is taken over the entire measurement period then the decline is only
about -0,6% per year with respect to the average value.

Page| 37




MSc thesis report - Ing. S.R. van Erp 17 juli 2019

30-year-moving-average:
10-year-moving-average:

-
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Figure 28 - Moving averages over the measurement years - see Appendix 7

5.3.4 Water level data analysis

Besides the discharge data, at the same time water level data has been obtained from
the same source [24]. This data has been collected for 50 years, from 1968 up to and
including 2018. That means that the water level measurements have started to be taken
2 years before the weir was actually completed [25]. There are two water-level
measuring stations, one downstream and one upstream of the weir of Driel, as indicated
at Figure 29.

Doorwerth Oosterbeek
Heveadorp
Measurement 8
locations 4
. Arnhem -
Heteren s zuid
@ 7 selectietekenen =

Figure 29 - Location of water-level-measuring devices in relation to the nearby towns and villages
- from: https://waterinfo.rws.nl/#!#1/bulkdownload/kaart/

However, the data from the downstream measurement station has 2 more years of data
(starting in 1968), than the up-stream one (starting in 1970). Since the weir wasn't
finished yet before 1970, any measurements before the completion of the weir are
deemed irrelevant for hydro-power purposes and not taken into the analysis.
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These water-level-measurement stations, “Driel boven” (upstream) and “Driel beneden”
(downstream) are situated 580 m apart [29].

For the head difference data a correction has also been performed. Some information on
this is given in Table 39 in Appendix 6. The water level data has only a marginal
amount of faulty data (0,02% versus the almost 5% for the discharge data).

5.3.5 Water-level-analysis results
In Figure 30 the time-series is shown of the water-level-difference between the two

measuring points from Figure 29. From the time series it is clear that there is a certain
head-difference that is not exceeded, which although slowly changing over time, the last
20-30 years lies around 2,30m.

Head difference AH between the two
measurement stations in [m]

'

D0
19670

1975

1980

1985

1990 1995

20000

2005

7,5%1072m

2015 2020

Time line t in [years]

Figure 30 - Time-series of head-difference over weir complex Driel from 1970-2018 - Orange
dashed line is mode value - see Appendix 7
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2.6 28 3.0 3.2

Head difference AH between the
two measurement stations in [m]

1.6

Figure 31 - Histogram of head-differences. 7,5cm head-difference occurs the most often (mode).
Higher-head-differences have a larger spread. - see Appendix 7
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In Figure 31 the histogram is shown and there it can be clearly seen that there is a peak
in percent of occurrence for low-head-difference around 0,075m, which corresponds with
high discharges when the weir is opened. This means that on average the inclination of
the water surface of the river in “free-flow-situation” is approximately:

, AH _ 7,50%1072 -
briver = 3 = Tm"‘ =1,293-107*
It also shows that the weir is opened approximately 20-25% of the time.

Plotting only the bins that correspond to when the weir-gate is (semi-)closed gives the
histogram shown in the top right corner in Figure 31.

5.3.6 Combining discharge and head-difference

To give an idea of how during a year the discharge and head-difference develops, the
year of 2016 is shown in Figure 32. When the head-difference is more than 15cm the
weir is assumed to be closed and opened otherwise.

Q, AH and Combined Q, for the year 2016

I Discharge (LHS Vertical-axis) I Combined Q_t for 25m?3/s turbines

Head-difference (RHS Vertical-axis)

1200 - - 2,40
1100 - - 2,20
1000 - - 2,00

— 900 - - 1,80 E

Q c

T 800 A . 1,60 £

— ()

= 700 A - 140

&% 600 - 1,20 3

S 500 - - 1,00

2 o

2 400 - - 080 3
300 A - 060 T
200 1 - 0,40
100 A - 0,20

0 0,00

01 02 03 04 05 06 07 08 09 10 11 12
Time (months)

Figure 32 - Plotted over the year 2016 are time series of Driel for Discharge (left vertical axis),
Head-difference (right vertical axis) and Combined turbine discharge for 25m3/s turbines - see
Appendix 7

Looking at the entire dataset again, when ordering all the measured discharges in a
descending fashion, the discharge-duration-curve is obtained and shown in Figure 33.
Clear is that on average about 20% to 25% of the time the weir gates are opened due to
high-discharge. Unfortunately that also means no useable head-difference.
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Figure 33 - Discharge duration curve and related water-level-differences. . - see Appendix 7
Left-hand-side-vertical-axis: Related to the discharge values (blue curve).
Right-hand-side-vertical-axis: Related to the head difference values (green dots)

Note that the discharges and head-differences have been ordered in pairs, where
discharge was ordered in descending order and the head-difference moved along with it.
A moving average is plotted of the head differences, using 4*48=192 data points for
each average value.

This clearly shows that the highest discharge doesn’t coincide with the highest head
difference. Rather they have a reciprocal relationship.

It can be seen that from about 440m3/s and upwards the water-level-difference becomes
negligible, which corresponds to a water level at the weir of about 7,5m+NAP (upstream
of the weir).

5.3.7 Operation of the weir

Assuming the requirement is to not change the water-level-regime, for the discharge to
remain as it is before applying hydro-power with any given head-difference, the total
hydraulic resistance of the complex needs to remain the same.

That is, the gates need to close more, as the turbine lets through more water than
before. In terms of discharge the situation before can be described with ( 1 ), and after
with ( 2 ):
Qexisting = Qvisorgates + Qcylindergates + inshladder + Qnav—lock + Qleakage ( 1 )
Qdesign = Qvisorgates + Qcylindergates + inshladder + Qnav—lock + Qleakage + onwerhouse ( 2 )
Where Qgesign Must be equal to Qeyisisting -
This of course means diverting a part of the flow from the gates to the turbines, or an

alternative way of thinking: that the resistance of the gates needs to be increased when
the turbine are running.
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Flood plane
Flood plane

asc = anti sludge channel
cyl.valve = cylinder valve
visor g.= visor gate

Figure 34 - Current (and future) contributors to discharge through the complex

Comparing with Maurik
As can be seen in Figure 35 Maurik HPP is active more time of the year, as it has the
gates closed for a longer time.

= Q-Nederijn Driel-Maurik (m3/s)

=1 4 turbines with Q_t=25-100m3/s turbines at Maurik
E=== 4 turbines with Q_t=25-100m3/s turbines at Driel
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Figure 35 - Discharge, head-difference and turbine discharge for the year 2016 comparing Maurik
with Driel. Ecological minimum (and unusable) discharge is 25m?3/s - data from: [24]
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If the decision was taken to increase the time Driel was closed the future power plant can
produce for longer. This will change the weir regime of

This scheme will however affect shipping and in that shipping will have 30min extra
travel time on each one-way trip for 50 days in a year more. This because the Weir of
Driel opens on average 75 days per year and Amerongen only 25 days.

Operation of weirs in series
The weirs are placed in series, Driel being the most upstream, and Maurik and Hagestein
the consecutive downstream weirs. However, they don’t all open at the same time.

Nowadays a water-level-discharge relation has been determined for Lobith and for that
reason the operation of the weir is now regulated based on a SOBEK model which looks
mostly at the water-level of Lobith [30]. The modern day water-levels are shown in
Figure 36.

12,00

11,00 | lJsselkop birfurcation

10,00

9,00

8,00

7,00

6,00

5,00

Waterlevel in [m+NAP (sea-level)]

4,00

3,00

/

2,00 | Hagestein downstream

1,00

0,00
7,50 8,00 8,50 9,00 9,50 10,00 10,50 11,00 11,50 12,00

Water level at Lobith in [m+NAP (sea-level)]

Figure 36 - Modern day water-level-management of the Nederrijn. Waterlevels as function of
waterlevel at Lobith in [m+NAP]. - source: Henry Tuin [30, p. 33]
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5.4 ELEVATION AND SUBSOIL ANALYSIS

5.4.1 Elevations

Figure 37 gives the height map of the location. Below in Figure 38 a cross-section
perpendicular to the river axis is taken across the weir and lock. Here it can be seen that
the current flood-protection levee near Driel has an elevation of almost 14m above NAP
(sea-level).

Adres of plaals zoeken...

Figure 37 - Elevation map and path of cross-section - source: AHN [31]
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Figure 38 - Elevation profile across weir and lock - source: AHN [31]
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5.4.2 Subsoil

See also Appendix 10. The subsoil is mostly sand and some deeper clay layers. Also
layers of Loam are present. At a depth of -1m below NAP a fairly solid layer of sand can
give 14-15 MPa of cone penetration pressure, indicating this is a solid layer to build a
foundation on.

5.5 SHIPPING MOVEMENTS

From the monthly figures of 2005 it’s clear that professional shipping for transport is
quite constant throughout the year and is likely dependent on the state of the economy.
Recreational shipping is mostly in the summer and in these months even larger than
professional shipping.

M Inland barges (freight)  m Recreational

2500
2000
1500
1000

- I I I I I I

N 2 X < < < <
& & & & N S F ¢ F
Q S W S & xS < N
hid ‘<é’0 v Q‘& o OAQ’ &
53 < Q
Figure 39 - Shipping traffic at lock/weir complex of Driel in 2005 - Source: [32]
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Figure 40 - Yearly total of ship passages per category  Figure 41 - Direction of shipping in
- Source: [32] 2005. Dominant seems to be going
east. - Source: [32]

Apparently more shipping is going East than is going West. Shipping is a relevant factor
at Driel, but for flow regime b shipping will go through the lock and interaction with a
potential powerhouse near the weir will be minimal this way.
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5.6 POWER GRID CONNECTIONS
The local medium-voltage cable location is indicated in
Figure 42. The cable runs through the tunnel under weir to cross the river.

31 Stuw - Driel

\ In case head-based turbine is chosen

near the weir, the connection to the
grid, given medium voltage cable will
be enough, costs for connecting to the
grid will be low. Then again, this also
means that any excavation next to the
weir will encounter this cable.

Figure 42 - Location of power-cables to which any
hydro-power near the weir can be connected.
Medium Voltage cable runs, through the weir. From
Liandon: [33]

5.7 PROTECTED AREAS AND NATURE RESERVES

There are Natura2000 areas close the navigation lock and a few smaller areas
downstream of the weir. This is indicated in Figure 95 of Appendix 11.

"

Besides the Natura2000 areas, there is also an organisation called “Geldersch Landschap
that has property near the weir and lock as can be seen in Figure 96 of Appendix 11.
In Figure 97 of Appendix 11 it can be seen what the organisation does with the
property. Parts of it are leased, likely to farmers that use it to produce hay. This however
also gives an opportunity, because then the land might also be leased for hydro-power-
purposes, if the organisation allows it.

The goals of the organisation has with these areas are shown in Figure 98 of Appendix
11, where it becomes clear that they want to use it for nature (see also [34]). Should
the area north of the lock be desired to use for hydro-power in some way, then careful
consideration and communication with this organisation is required.
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5.8 REQUIREMENTS AND DESIGN GOALS

From the relations and interests of the stakeholders and the gathered knowledge thus far
the requirements and design goals are formulated.

5.8.1 Requirements

A short program of requirements is shown in . Most important is of course to maintain
the desired safety level. Any changes done must not increase risk to loss of lives or
(economic) damage.

Program of requirements
Req. nr. | Linked to | Description

1 Discharge is only allowed through the weir-complex
(including any new discharging structures) for maintaining
water-levels at IJssel and Nederrijn rivers, according to the
regime that RWS maintains.

2 1 Passage for shipping through the weir may not be delayed
more than in the current situation by operating the hydro-
electric plant. To be precise, the threshold for opening and
closing the weir such that shipping can pass the weir must
be maintained, meaning if the threshold water-level at
Lobith is reached, the visor gates must be opened.

3 1 Only when there is a head-difference created by normal gate
operation of the weir as described in requirement 1, can a
part of the flow be diverted to the turbines for power
production.

4 3 The combined discharge through the weir's visor-gates,
cylinder-gates and the yet to be designed and build valves
for regulating the flow through the turbines, must equal the
total discharge through the weir-complex according to
requirement 1.

5 Any alterations or structural connection with the existing
weir-structure may not reduce its strength, stability or
resistance to loads. Any such alterations to the structure
required for the design, must provide sufficient proof that
this is the case.

6 The current function of the weir-structure may not be
obstructed or hindered by operation of the hydro-power-
plant.

7 Any structure placed within the reach of river floods, may

not reduce the discharge capacity during high discharge. Any
obstructions placed, must be compensated for by additional
discharge capacity within the weir-complex area.

Table 9 - Most important requirements for the project

Due to the complexity of changing the flow situation on a national level as well as the
sensitivity of the topic of hydro-power at Driel for RWS, the choice is made to make the
primary requirement that the flow-regime (the water level and discharge management)
stays the same.

This means that an upstream observer (1) of the weir and a downstream observer (2)
should not notice that there is a hydro-electric-powerplant at Driel. See also Figure 43.

Therefore, only when there is a head-difference due to normal gate operation of the weir
can a part of the flow be redirected to the turbines.
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Observer 1:

“"Discharges and
water levels here
are the same as

before completion
of the HPP Driel.”

Pannerden

Observer 2:

"The same as observer 1
can be observed here.”

Nijmegen/Lent Millingen a/d Rijn

Figure 43 - Schematisation of discharge distribution of the weir-complex with two observers: nr. 1
upstream at IJssel-kop and nr. 2 just downstream of the weir.

5.8.2 Economic design goals

Besides requirements that have to be met, also design goals can be determined. These
goals portray the wishes of various stakeholders. Economic reasons have always been a
dominant factor in deciding whether to proceed with a project or not, and thus the
economic design goals are mentioned first.

The goals to find the alternatives that have the "most economically feasible” design,
meaning that the aim is to find the design(s) that have:

- The lowest Levelized Cost of Electricity (LCOE)

- The highest internal rate of return (IRR);

- The lowest initial investment, as getting the required starting capital may be a
challenge for those interested in realising this project;

The IRR is somewhat similar to LCOE, but instead of energy price, uses the rate of return
(interest rate) “r” as variable to get to zero NPV at the end of the considered lifetime.

In Appendix 9 an explanation and short example is given for the LCOE (see Figure 44),
IRR and related Net Present Value NPV. Should these terms be unfamiliar to the reader,
it is advised to read this appendix.
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Figure 44 - Example of LCOE curve

Per example, in Figure 44 inflation is accounted for with a rate of 0,04 (4%). After 10
years a replacement investment is taken into account as €2500 at year 0, so PV of
investment at year 10: €1.191,5 and at year 20: €567,9. Cash-flow has been solved and
found to be a value of: €1499,3 (year 0) such that NPV of total project after 25 years is
€0,00. Assuming running costs of €1000,- which makes the required revenue =
€2499,3/year at year 0. With an energy production of 30.000 kWh/year, the energy price
needs to LCOE=0,08331 €/kWh.

5.8.3 Technical and secondary design goals

Although technical performance doesn’t need to be a goal in and of itself, it is an
indication for economic performance. Therefore at early stages in the design the goals
concerning technical performance are in descending order of importance finding the
design(s) that have:

- The highest amount of annual energy production;

- The highest capacity factor (CF, full-load-hours with respect to time in a year);

- The highest system efficiency (energy extracted from the water with respect to
energy flowing through the system);

Goals towards public support of the project can be the following, but for now will be
secondary objectives to the ones mentioned above:

- Keeping to a minimum the impact on local (surrounding) ecology;
o Minimize the fish-mortality of the turbine;
o Minimizing land-usage (small surface area);
- Minimizing global impact;
o Reducing use of materials and thus pollution related to their production;
o Creating positive life-time energy balance (energy produced versus energy
required to build and maintain the powerplant);
- Minimizing negative effects on shipping
o Preventing (jet-like) flows re-entering the shipping lane being in use at
disruptive angles;
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6 CONCEPTUAL DESIGN

In the conceptual design various turbine types are being considered and worked out at a
minimal level to determine their potential. A few of these concepts are worked out to
preliminary design.

6.1 POTENTIAL LOCATIONS

Around the weir only a limited amount of locations are possible for implementing hydro-
power. Especially for pressurised flow, a head-difference is needed for it to work. Ideally
the pipe-system leading to the turbine needs to be as short as possible to reduce friction
losses.

For free-flow hydro-power any location with high flow-velocity is ideal. However, also
shipping needs to be taken into account. Putting a turbine in the middle of the shipping
lane is not an option. Any locations within the shipping lane are ruled out as the turbines
cannot be fit inside without obstructing navigation.

6.1.1 Potential locations for head-based turbines

South of the weir between the main flood-protection levee and the structure a bay-type-
hydro-power scheme is a possibility. This design would essentially be a copy of what is
done in Maurik. A conceptual-drawing of this hydro-power-scheme variant is Appendix
14 and is shown without annotations in Figure 46 below.

Figure 45 - Left: Map overview of Bay-powerplant Maurik. — Source: OpenStreetMap: [35]
Right: weir and hydro-power-plan Maurik - Source: photo from visit.

Figure 46 - Hydro-power-scheme-variant 1 - Sketch of bay power-plant south of the weir at Driel
- see Appendix 14.

The advantage of this design is that shipping is not hindered and it uses space
effectively. The downside is that, depending on how large the powerhouse will be and
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how many turbines will be placed in it, the structure and related construction works is
close to the main flood-defence levee of Driel.

Another option is to make a channel or to lay a pipe from the upstream side of the lock
to the downstream-side of the weir (see Figure 47). Advantage of this design is that
more space is available to place the power house. Less favourable is that more energy is
lost due to a friction in the relatively long pipe or channel.

Figure 47 - Hydro-power-scheme-variant 2 - diagonal channel or pipe through the flood-plane.
Note: there are multiple options for the outflow. - see Appendix 14.

Third and last option is to make a pipe North of the lock (see Figure 48). An interesting
proposition here is that a reservoir could be made (with cooperation of the land-owner,
that is) to store water during high river discharge and use this to run the turbine at an
opportune moment.

2;'_14;
A
} /

PR

Figure 48 - Hydro-power-scheme-variant 3 - pipe north of the navigation lock with possible
reservoir (indicated with light-blue). - see Appendix 14

The area indicated in Figure 48 is 185.295 m?, so while not giving it a volume like any
of the reservoirs that can be found in mountain regions, it does give some volume to
work with.

6.1.2 Free flow hydro-power schemes
For free-flow turbines there are only two real options without getting in the way of
shipping, namely:

- At the groynes (see Figure 49)
- Behind the weir’s outflow point (see Figure 50).
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Figure 49 - HPS variant 4 - free-flow-turbines at the spur dam ends
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Figure 50 - HPS variant 4 - free-flow-turbines behind the weir opening with harbour for storage
when the weir gate is opened completely

This last variant however requires a lot of maintenance and relocation during operation,
to prevent being in the shipping lane when the weir opens. Also making the anchors is a
serious technical challenge and will be costly. For these reasons, investigation into this
variant is not further pursued.
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6.2 VARIANT GENERATION

Now that the possible locations have been sighted, the type, size and number of the
turbines are the next logical points to determine. Below the longlist of turbine types that
fit in the locations is shown. Below that a short description is given of the related ideas.

Longlist
0. Group 0 Generic turbine (to get an idea of nr. Of turbines)
1. Group A (head-based)
1.1 Null-variant: copy of Maurik (Vost Alpine company, “0ld” Kaplan technology)
1.2 Regular Kaplan turbine (PFN’s “"New” Kaplan turbines)
1.3 Venturi Enhanced Kaplan (VETT)
1.4 Archimedes Screw Turbine (AST. Manufacturers: Landustries, Spaans
Babcock)
1.5 Pump enhanced AST (with pump to keep stable intake level)
1.6 Variable inclination Enhanced AST (with adjustable inclination/intake height)
1.7 Waterwheel
1.7.1 Breastshot
1.7.2 Overshot
1.7.3 Undershot
2. Group B (velocity based)
2.1 Oryon watermill
2.2 Smart Hydro Power (underwater windmill)
2.3 Underflow waterwheel on floats (without pumping function)
3. Group C (Hybrid)
3.1 Underflow waterwheel on floats (with pumping function)
3.2 Oryon watermill (Floating variant)

Shortlist
Only a few of these have been worked out. The variants that were expected to be the
most interesting or promising have been chosen to asses.

Generic turbine (to get an idea of nr. Of turbines)
Null-variant: copy of Maurik

Regular Kaplan turbine

Venturi Enhanced Kaplan (VETT)

Archimedes Screw Turbine

Pump Enhanced AST

oukhwnNe

The Kaplan turbines are chosen because they have the most efficient power production
and way of extracting the energy from the water for low head situations. The Venturi
enhanced Kaplan is an interesting concept to prolong time of use in a year and is
therefore also included. It can have higher energy gain for the high flow, low head
situation.

The Archimedes screw is chosen because in the reference project it was quite cheap
compared to Kaplan turbines, although it is a more simple turbine with lower efficiency,
albeit still reasonable. This one could be more feasible due to the low costs.

The waterwheels were not considered due their small discharge capacity compared to the
large available flow. In paragraph 6.4 it is explained why free flow turbines are not
developed into conceptual designs.
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6.3 GENERIC TURBINE

The goal of analysing the “"Generic turbine” is to assess the available energy, to find the

cross-sectional area c.q. size and number of turbines as well as the discharge that goes

through it. To do this, the discharge duration curve is assessed further. With this turbine
a number of assumptions are done:

- Only 1 size turbine is considered at a time, no combinations of different size
turbines;

- the efficiency is fixed to one value (90%), which it will have when active;

- the type of turbine is being left open for now, a turbine type will be considered in
the next paragraphs.

- The minimum head to run a turbine is 0,3m;

- The ecological minimum of 25m3/s is not useable for power production.

6.3.1 Discharge duration curve

In practise, it is advised to design the hydro-power-plant for a discharge that is exceeded
between 60 and 120 days in a year. Considering the discharge-duration-curve from
Figure 51, the head-differences hardly exceed 0,3m around the 60 days exceedance. At
around 101 day exceeded discharge the 0,3m minimum is exceeded most of the times
and chosen as design point.

In Figure 51 the right vertical axis shows Head-difference that are 0,3m or higher. The
left vertical axis shows the discharges that are between a minimum of 25m3/s and a
maximum of 550m3/s. Higher discharges don't fall within the range of interest and are
therefore not shown here.

In Table 10 on the below values related to important parts of the graph are shown.

Relevant points in days Q- | % of a Related | Difference Differ.
graph of Figure 51 exceed. | year Q (%points) (days)
In m3/s
ﬁﬁx;f‘i‘jﬂfes'gn point 60| 16,4% 550
: : : 16,5%p 60
Adwsed design point 120 32,9% 400
maximum
fiead difference 01|  27,7% 440
’ 66,5%p 243
Discharge Q > 25m3/s 344 94,2% 25
. 43,7%p
[0) ’
Discharge Q > 50m3/s 261 71,4% 50 (W.r.t. 27,7%) 160
50 > Q > 25 m3/s - - - 22,8%p 84

Table 10 - Table with relevant points in graph of Figure 51

Assuming the minimal head-difference required to run a turbine is 0,3m and that the
25m3/s ecological minimum discharge cannot go through the turbine, but instead goes
through the fish passage, then the operational range of discharges for the hydro-power-
plant is between 28% and 94% (or 101 and 344 days) exceedance discharges. Of these
243 days per year, 84 days the discharge doesn’t exceed 50m3/s as shown in the last row
of Table 10.

Below in Figure 52 an approximated graph is shown that is used to give an estimate of
the potential power that can be produced.

Page| 54



MSc thesis report - Ing. S.R. van Erp

Design point

17 juli 2019

1
, \ — , \ 1 —
A i(16%) 1] (33%) I | (94%) A
550 " 1 i 3.304
525 ] 3 ] ' . |
500 HE H H g
(440 475 ' 1 E 2.90+
\——/ 450 4 : 270+
425 h 1 ! ‘
i | g : 2,501
— 375 ' b A 2.30+
@ 350 ' > 2104 =
o 325 ' ! TR
g 300 H Vi 1.904
= 275 . 1704 E
€ 250 : H
> 225 : : 1501 F
© 200 ' iy 1.304
175 ' ' 1.10+
150 ' H ’
125 ' e 0.901
1(7)9 | i 0.704
e ! 0.501
50 A X
= PRI e , e
| . |
0 10% 20% 30% 40% 50% 60% 70% 80% 920% 100%

60 day=16,4%

120 day=32,9%

Time in [% of time a year]

Figure 51 - Sub-section of the discharge duration curve with related head-differences that shows
the relevant values for Hydro-power purposes. NOTE: AH related to Q on that point, not to x-axis!
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Figure 52 - Linearized discharge duration and related head-difference curve
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Table 11 - Key points in the graph with linearized head-difference and discharge Figure 52

(Based on Figure 51)
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The way the turbines in an array are operated, is such that when enough discharge is
available for another turbine, the new total discharge is equally distributed over each
active turbine. This is shown in Figure 53 for a powerhouse that has 6 turbines and the
same maximum and minimum discharge per turbine as the Maurik HPP. This to show the
progression of the discharge per turbine in relation to the total going through the plant.

Discharge per turbine VS discharge through plant

100

<
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c
=

5 75
2

27
o

| E
o £ 50

()

20

m©
S 25
a 0 100 200 300 400 500 600 700

Discharge Q_sys through plant in [m3/s]
Figure 53 - Discharge Operation of hydro-power-plant (maximum discharge per turbine Q. max =
100m3/s, minimum is Q¢ yin = 25m3/s, nr of turbines shown n, = 6)

Note that the discharge of the powerplant can channel any flow-rate as long as they are
within the limits of minimum flow of one turbine or the maximum flow of the set.

6.3.2 Discharge area

The effective cross-sectional area needs to remain the same to the current situation to
fulfil the functional requirements of the weir-complex, as was mentioned in paragraph
5.3.7. It was found that a uA of about 200m? is available. In effect the discharge is
divided between the weir and the power-plant unless all discharge can go through the
turbines.

Using a simplified approach where the head over the turbine is assumed to be a fixed
percentage of the head over the system. Working under the assumption that the turbine
can change its resistance such that this head-ratio and discharge is achieved. So for the
moment the assumptions is:

One given turbine design is capable of being configured such that:

AHy = AHpyg * 1 (3)
And:
1-r
Q:(Qavar AHgya, Ty, Ap) = min | Qgpq 3 i Ap * vV 2g * AHgyq (4)
eq
Where:
Quva = The Available discharge of the river in [m3/s]
AHgy,, = The available head-difference in [m]
measured between the measuring points.
A = The physical discharge area in [m?]
$oq = Ap % Z’i"zl% The equivalent loss-coefficient.

For a Kaplan turbine this assumption isn’t such a farfetched assumption, as the guide-
vane and rotor-blade angles can be changed, thus changing the geometry and with that
the specific speed of the turbine (within certain geometrical/physical limits).
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The discharge is therefore the minimum of the two values, either the discharge that the
pipe-system lets through or the discharge that is at that moment available.

The discharge that is lost, i.e. that goes through the weir is then:
Qweir(Qava'AHavarrH!At) = Qava - Qt(Qava'AHavarrH'At) ( 5 )

Using the ¢, = 0.102 found for Maurik it is possible the plot the following graphs showing
that with different head ratios it's possible to reach the same discharge, as long as a
sufficient discharge area is chosen (see Figure 54 below).

Discharge - at design point: AH,,,, = 1,92m ; Qg,, = 50m3/s
Legend: Th 0,90 0,67

Discharge through weir Q¢ —_—
Discharge through turbine Q: —_— .

b B B2 & & o
=2 W (=T 1 B =T B =]

Discharge Q in [m3/s]

10

>

1 2 3 4 5 6 7 B 9 10
Discharge area 4, in [m?]

Figure 54 - Discharge through weir (descending) and through turbine (ascending) per discharge
area for 2 different head-ratios.

6.3.3 Power and energy production

This results in the maximum attainable power increases with a larger head ratio, because
of the product of head and discharge (see Figure 55 on the next page). Note that the
efficiency of the turbine is assumed to be a constant 90%. See also Appendix 15.

Power - at design point: AH,,, = 1,92m ; Quuq = 50m3/s ; n = 90%

Legend: Th 0,90 0,67
Power of the turbine P,: _
A
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400+
300+
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Power P, in [kW]

100+

k 0+

+ -
0 1
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Discharge area A, in [m?]
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Figure 55 - Power of the turbine per discharge area for 2 different head-ratios.
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To get to energy per year the power and discharge duration curve need to be combined.
The following integral leads to the energy production:

t2

Ermuat (Ao ) = f PL(Qu(6), AH, (£), 7y, Ap) * dt (6)

t1
Where, per previous definition:

Q:(t) = Qt(Qava(t)rAHava(t)rrHrAt)
AH; = AHgyq (8) * 13

Numerically integrating this per day, the yearly energy production per discharge area is
shown in Figure 56 below. This graph shows that the higher the discharge ratio is, the
higher is the maximum amount of energy that can be reached. However, also that this
amount of energy is achieved at a larger diameter. For instance taking a 99% head-ratio
means that the amount of energy reaches it’s more or less maximum value at 250m? or
higher, where with a head ratio of 0,67 reaches its maximum already at about 90m?.

A
10000 1

D000+ i

80004

7000+

G000+

5000

A000-

Annual energy production E, in [MWhr]

v 4 Legend:
3000+ -,' Energy for head ratio Th = 0'40: .........................
J Energy for head ratior, =0,67: == =—————

20007 4 Energy for head ratio n, = 0,90:

’ Energy for head ratior, =099: =:r=:=:=:=
1000+

e } " " + 5 " § t 4 } >
[ 25 50 5 106 125 150 175 200 225 250

Discharge area A, in [m?]

Figure 56 - Annual energy production estimate per discharge area based on linearized discharge
duration curve of for 4 different head-ratios.

Driel hydro-power station is expected to be smaller than Maurik, so going over the
amount of discharge area of Maurik (A,qurix = 4 * 10,8m? = 43,2m?, perhaps rounding it up
to 50m? as there may be differences), seems illogical. Having more discharge area and
thus larger turbines than Maurik means it will also be more expensive than Maurik Hydro-
power plant, while having less than half of the production.
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6.3.4 Design variants
Therefore, taking a closer look at Figure 63, 5 areas have been chosen for closer
inspection. Namely, at:

Design variant name Discharge area in | Annual energy production
[m?] in [MWh]
Nr. 1 10,0 3336
Nr. 2 (head ratio intersect) 23,4 5281
Nr. 3 35,0 6549
Copy of Maurik (CoM) 43,2 7162
Nr. 4 50,0 7546
Total available energy: 0 11022

Table 12 - Discharge area and annual production of chosen design variants. Energy is the largest
values at chosen A,’s from Figure 57 (see black dots).
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Figure 57 - Annual energy production estimate per discharge area based on linearized discharge
duration curve of Figure 52 within the applicable range of Driel.

From the graph above it seems that there is a head ratio that is most optimal for each
design discharge. However, this optimal head ratio is dependent on the available head,
available discharge and the discharge that the turbines can effectively let through.

To illustrate this, for an available head of 1,92m and a discharge of 168m3/s the power
curve per head-ratio looks as follows:
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Legend: Design variant: For design p.:
1 (A, = 1Om2) : — AHgye = 1,92m
2 (A, = 234m2) e Quva = 168m3/s
3 (A, =35m?) @ ———=————
CoM (A, =432m?) @ = ===
4 (A, =50m?) @ @ ————.
Iy

e e e e e e e e e e r e, e e e —E - ————————————— - —

Power P, in [kiW]
v EEl 75
I;--._..-l

Peak at
1, = 0,67

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Head ratio r,

Figure 58 - Power per head ratio for each design variants with an available discharge of 168m3/s
and a head of 1,92m

The image above (Figure 58) shows that, for this discharge-head-situation and for the
smallest discharge area variant (blue line), the optimal head ratio is still at 67%, but for
the other variants it is around 86 to 97%. The value is limited by the losses in the pipe
system until the point where, if the available discharge would be used, the losses would
exceed 1/3 of the available head.

Rewriting the discharge formula for when the flow through the turbine is equal to the
available flow:

1-n,

Qt = Qava = 3 * Ay x /29 * AH g4
eq
Rewrite:
2 2
AH

Thzl—feq*<$> =1- deq*Qava =1— loss (7)

At * Zg * AHavaL At * Zg * AHowa AHaya

This head ratio is plotted with the orange dashed line in Figure 59. If, when the head-
ratio goes below 2/3 the resistance is increased to remain at 2/3 the most power is
generated for each available discharge.
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Figure 59 - Optimal head ratio per available discharge for each variant.
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It can be seen that for larger turbines the point of transition is at a larger discharge.

Using these head ratios gives an average 12% increase to annual production:

Design New Percentual Energy per Rated Capacity
variant energy increase discharge area | power in factor
value adjustable [MWh/m?] [kW] In [%]
[MWh] r_hin [%]
CoM 7926 10,7 183,5 3000 30,2
1 3685 10,5 368,5 1400 30,0
2 6158 16,6 263,1 2400 29,3
3 7360 12,4 210,3 2800 30,0
4 8280 9,7 165,6 3100 30,5

Table 13 - Improvement with variable head-ratio

Interestingly, the increase is largest for design variant nr. 2, which has an area that in

Figure 57 gave the same annual energy for both head ratios 0,9 and 0,67.

The energy per discharge area is highest for the smallest turbine. This could be an
indication for a higher rate of return. i.e. Largest gain per investment.

Again considering the flow duration curve, but now taking into account variations in the
years, three curves have been selected as being a wet, dry and average year in terms of
discharge. The head difference is very much related to the discharge, so this is not
considered separately. In Figure 60 below the flow duration curves of these years have
been plotted.

Page| 61




MSc thesis report - Ing. S.R. van Erp

1600

1500

1400
1300
1200
1100
1000

9200

8009

700 \

600

Discharge through the weir in [m3/s]

500

400

300

200

100

0

30 61 91

28% low
head limit
for average
year

17 juli 2019

94% low flow limit
for average year

Wet year: 2002

Average year: 2008

Dry year: 2003

48 year FDC

183 213 243 274

304

dhcclccccccnscacccsccssccsnsccnsnscncccannae

3351 365

Time duration in a yea.r in [days]

Figure 60 - Flow duration curves for a wet year, an average year and a dry year compared to the

48 year data (All time) flow duration curve

On the next page the production time series of these years are shown.

Design Annual production | Annual production | Annual production
variant Wet year in [MWh] | Dry year in [MWh] | Average year in [MWh]
CoM 9814 4866 8524
1 3416 2705 3926
2 6951 4123 6612
3 8874 4640 7886
4 10389 4994 8892

Table 14 - Annual production for chosen reference years

The table above shows that in wet years more power is produced than in dry years.
Having more discharge has apparently not lead to too low head-differences or increase in
situations where the turbine cannot be operated.

This can also be seen in the Figure 61 in that the amount of down-time for the dry year
is larger than for the wet year. Interesting to note is that for a dry year the production

actually lies more in the months that normally have too higher a discharge for the weir to
be closed. They utilise the “floods” of such a year as it were.
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Looking at a the reference yearly time series for an average, wet and dry year the energy

production looks like:
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Figure 61 - Time series of power production for the 5 design variants. Assumed minimum head is

0,3m.
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Discharge and efficiency range of low-head-turbines

A turbine has a fixed discharge for which efficiency peaks at each head-difference. This
means that, when there’s a lot of fluctuation in the flow, one turbine is not likely to run
at high efficiency for long periods of time. A set of multiple turbines gives more options
to tune the discharge to attain a higher average efficiency (both over time and
instantaneous).

In Figure 62 below it can be seen that Kaplan turbines are reduced to less than 40%
efficiency when the discharge going through them is nearing about 15% of their design
maximum flow-rate Q,,,, (Kardi and Pandey [36]). Also, Kaplan turbines reach peak
efficiency at around 60 to 80% of Q,4x-

The Archimedes Screw retains its efficiency longer, down till 8-12% of maximum flow,
and stays above 70-75% efficiency for most of its range, peaking at 85% efficiency at
around 80% of maximum discharge. However, this turbine type is more sensitive to
inflow water-level. Figure 62 is presumably only valid for constant water-level and head.

Water-wheels perform even more consistently over the discharge axis, but at a lower
efficiency, below 75%. Overflow water-wheels are also dependent on relatively constant
upstream and downstream water-levels.

Turbine Lowest effective Peak efficiency Approximate
Qmin/Q_max Q/Q_max Maximum
efficiency
Kaplan 15-20% 60-85% 92%
AST 8-12% 80% 88%
Waterwheel 7,5-10% 100% 77%
Francis 20-30% 80% 88%
Cross-flow 20-30% 60% 83%

Table 15 - Efficiency effective discharge ranges for several turbine types. Derived from Figure 62

Ignoring the Cross-flow and regular propeller types, it would be a safe assumption that at
20% of the maximum flow, low head turbines lose their efficiency and will be switched

off.
100
90 o mm———— =
80 - "’:— ‘_"-;;4'— i
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Figure 62 - General efficiency of various low-head-turbines for reduced flow - Source: Kardi and
Pandey 2016 [36, pp. 312 - fig. 12.8]
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Demonstrating the point made at the beginning in this paragraph, 1 turbine that has a
discharge capacity of 400m3/s and in accord with the efficiency loss at 20% of Q,,4x,
consequently loses all energy that could be generated from 80m3/s and down.

To make the calculation more simple at first a approximated efficiency function is used to
calculate power as shown in Figure 63.

—@— Efficiency Block Function Efficiency generic Kaplan

100%

90% o - v v
80%
70%
60%
50%
40%
30%
20%
10%
0%

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

Q/Q_max in [%]
Figure 63 - Approximated discharge-efficiency-curve based on Figure 62.

o ——

Efficiency of turbine in [%]

100%

Number of turbines

When less than or equal to 15m3/s cannot be taken by the turbine, the amount of energy
that is lost drops below 100 MW hours. Comparatively, if the same is done for 50m3/s,
then almost 958 MW hours are lost. 15m3/s therefore seems a good cut-in discharge. A
minimum number of turbines can be determined this way.

Using the 5 previously defined design variants:

Design Total Number Discharge Cut-in Lost energy from
variant | discharge of area A, per discharge | discharges lower
Qmaxtota IN | turbines turbine Q:209 iN than cut-in
[m3/s] Monin In [m?] [m3/s] in [MW * hr]
CoM 333,6 4 10,8 16,68 108,55
1 110,8 2 5,00 11,08 48,10
2 232,1 3 7,80 15,48 93,80
3 298,8 4 8,75 14,94 88,00
4 356,3 5 10,00 14,35 80,50

Table 16 - Minimum amount of turbines for cut-in discharge of 15m3/s

Conclusions Generic turbine
A theoretical maximum amount of energy has been established to be 11,02 GWh. This

maximum is very unlikely to be exceeded as effects of efficiency, effective head and such
have not been taken into account for that value.

5 variants have been determined. The one with a discharge area of 50m? (10m? per
turbine) is estimated to produce the most energy, about 8,9GWh. However, the one with
the smallest discharge area has the largest energy per discharge area, which could
indicate a larger yield per invested amount of money. A cost analysis is required to
determine this.

Also an amount of turbines per variant is determined. Generally, having larger turbines
leads to less losses in the system, so it makes sense to stick to the minimum amount of
turbines and keep the discharge area per turbine as large as possible.
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6.4 FREE FLOW TURBINES

Considering the average flow in the Neder-rijn river, about 306m3/s and an a depth of
3m and width of about 100m the average flow velocity is about 1,02m/s. Considering
that with high flow the water level rises and the discharge area increases, it is not
expected that with larger discharge the flow velocity will increase substantially.

With that depth a reasonable rotor diameter would be 2m, so the flow area is then 4, =
12,5m2.

For a free flow turbine the maximum power can be extracted is limited by the Betz limit
[37], where only % ~ 0,59% of the energy in the flow can be absorbed by any turbine.

The energy in the flow is:

1
Pflow(At‘u)25"‘p"‘At*u3 (8)
Where:
u= The flow velocity in [m/s]
A = The cross-sectional area of the turbine rotor in [m?]

Prow = The available power or energy flux in the flow in [W]

So the theoretically extractable energy considering the Betz-limit is per turbine:

16 1 3 16 1 1000kg
Pfree—flow(At;u)=ﬁ*z*p*1‘lt*u =ﬁ*§* 3

«12,5m? = (1,02)3 = 3951 W = 3,9kW

Having discarded the variant where the turbines are suspended in front of the weir (see
Figure 50 in paragraph 6.1.2) due to practical reasons, only the variant where turbines
are installed in the spur dams is left.

To get an equivalent amount of power as the generic turbines a lot of these free flow
turbines are needed. For design variant 1 to get an equivalent amount of power and
neglecting even the mechanical efficiency of the turbine 354 free flow turbines are
needed to produce the same amount of power. For design variant 4 this 785.

Considering spur dams on only 1 side of the riverbank (which seems to be realistic
looking at satellite images) with an inter distance of the spur dams of about 95m, a
stretch of river of 33,6 km is needed to equal the power of design variant 1 and 74,5 km
is needed for design variant number 4.

Within the spatial scope of this research variant 1 could perhaps fit (the stretch of river
considered being about 43km). However, the distance over which the power needs to be
transmitted is then much larger than for the head-based variants.

This also means that either electrical losses (long cables with low voltage) or costs for
electrical equipment (transformers at many locations to increase the voltage to reduce
transport costs) are quite substantial for free flow turbines.

This disadvantage is so large that free flow turbine manufacturers also indicate that the
Nederrijn is not economically feasible (see also quote in Appendix 4). For this reason
they have not been investigated further.
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6.5 REGULAR KAPLAN TURBINE

The Kaplan turbine has the highest efficiency rating of all considered turbine types and
therefore is a good place to start. Now that a type of turbine is chosen, the diameter can
be determined. The diameter is estimated using the following approach:

Assume the ratio of the turbine outer diameter and inner rotor diameter is
more or less constant. From the drawing of the Pentair fish-friendly turbine it
was measured that the ratio is 1,6/4,0:

16 T sy T 16\
Din=4’_0*Dout - Atzz*(Dout_Din =Z*Dout 1_<E)
Rewrite:
A x4
Doyt = BTG
T * (1 - (4'—0) )
(9)
For the 5 design variants that is:
Design Number of | Discharge area | Diameter - Diameter - Rounded
variant turbines A, per turbine Outer rotor to nearest multiple
Mnin In [m?] diameterin[m] | of 10cm:
CoM 4 10,80 4,04 4,00
1 2 5,00 2,75 2,80
2 3 7,80 3,44 3,40
3 4 8,75 3,64 3,60
4 5 10,00 3,89 3,90

Table 17 - Kaplan turbine diameters for each design variants

Interestingly the Maurik variant and the 3™ variant result in the same rounded diameter.
Only the number of turbines is still different. Entering this into the hydraulic model gives
the following results.

6.5.1 First estimate of costs

Working from the Maurik case, which at the time was 66 million guilder, that translates
to 54 million euros current day, the costs for the design variants can be determined.
Design variant “Copy of Maurik” then serves as reference.

Driel is of not exactly the same situation as Maurik, so a 20% uncertainty margin is taken
for all variants. It is customary to indicate investment cost to a per kilowatt price in
hydro power engineering, so that is adopted here to. The price per kilowatt is then:

€54min
PoT =
10.000kW

= €5.400 kW1 - PoT,; = 120% * €5.400 kW ™! = €6.480 =« kW ™!

This leads to the following costs estimation:

Design variant: CoM 1 2 3 4

Rated power | kW 2.975 1.475 2.642 3.031 3.160
Total costs min € 19,3 9,6 17,1 19,6 20,5
Energy KWh 8.524.000 | 3.926.000 | 6.612.000 | 7.886.000 | 8.892.000
production

Price per KWh | €/kWh 2,26 2,43 2,59 2,49 2,30

Table 18 - Costs estimation based on Maurik
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6.5.2 Hydraulic model Kaplan
In the hydraulic model of the Kaplan turbine, the turbine diameters are taken and used
as input for rules of thumb for sizes of the system from hydro power engineering.

Ay
0,22+0,28)D,

Q —

4
AN
|

In the generic turbine paragraph a simple approximation with a based on head-ratio has
been done. In this paragraph a more refined calculation is done, where the geometry of
the turbine is taken into account and the head-ratio and discharge were determined with
the turbo-machinery theory as explained in paragraph 4.2.4.

ssof

.385

Figure 64 - Kaplan dimension rules of thumb. - Source: Marence

The land use of the turbine is estimated by taking the largest diameter in the design,
which is the inflow diameter and the pipe-system length. This gives an indication of how
much space is needed to build the turbine.

Design | Number | Diameter | Inflow Length | Width Area Area
variant | of of rotor opening | of pipe | total per total
turbines diameter | system turbine

DV # m m m m m? m?

0 4 4,0 10,0 44,0 45,0 440 1.760

1 2 2,8 7,0 30,8 17,0 216 431

2 3 3,4 8,5 37,4 29,5 318 954

3 4 3,6 9,0 39,6 41,0 356 1.426

4 5 3,9 9,8 42,9 54,8 418 2.091

Table 19 - Relevant dimensiosn for regular Kaplan turbines

In the table above the dimensions of the regular Kaplan turbines are shown as well as
their “land usage”, the minimum space they occupy should they be built.
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The head losses for all design variants with an available head are shown in

1. till 5.

E

: Legend:
Design variant:
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Figure 65 - Head levels for the 5 design variants for available head of 2m, speed ratio of 1,1 and
efficiency of the turbine of 95%

Head loss at Amount of head loss in [mm] x-location in [m]
w.r.t. inflow

1. trash rack 4,38 -2,0
2. inflow 0,20 0,0
3. friction inflow pipe 0,39 3,0 till 8,8
4. Bulb contraction 0,00 8,8
5. friction bulb 2,86 11,2 till 19,0
6. turbine 1814,93 19,0 till 20,0
7.1 expansion draft tube 10,92 .

3 Friction draft tube 88,3 20,0 till 44,0
8. outflow 78,03 46,0

Table 20 - Head losses and location for design variant 0 (copy of Maurik) for an available head of
2m, speed ratio of 1,1 and efficiency of the turbine of 95%

Kaplan turbine power
Two approaches have been taken:

1. Where the speed ratio is constant and the whole system has fixed geometry
2. Where the speed ratio is varied, assuming that varying the speed ratio is

equivalent as changing the resistance given by the turbine, as in blade angle,
generator resistance, etc.

The whole model is written in Mathcad and added as Appendix 16 - Hydraulic model
Kaplan-bulb.

For a fixed speed ratio, the error that the approximation has given compared to the
theory, is such that head-differences lower than the design point the head over the
turbine will be under-estimated. For head-differences that are larger than the design
point the head over turbine will be over-estimated. This can also be seen in Figure 66.
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AH,(r, = 0,90) [fixed head ratio]
AH,(r, = 2/3) [fixed head ratio]
AH (Q(Hgys), Pa = 1,52m, 7, = 0,90) & i,
AH (Q(Hgys), Pa = 1,52m, 1, =2/3) & s
AH(Q(Hsys), pa = 1,92m, 1, = 0,90) P TTmTmmmemem e
AH(Q(Hsys), pa = 1,92m, 1, = 2/3) e
4 (o3 112 1102 i[2.3

- i i :
E, 2.50 E i
£ ! i

3 ; |

S 1 )

5 H H

() . H H
,E 1.73 i i
B oo ————r E—— A A S——
= ! it
3 | 1

= 1507qa7 ] :

9 5 O P e

o ;
k1

s 101
T .00 bttt sttt st By AT o s T
i Design point
i | (pqa=1,92m)
0.501 i : :
0.00 + . + 'i i t 4 +
0 P05 ! L5 132 i 25

Head over structure in [m]
Figure 66 - Fixed head-ratio versus head-ratio conform turbo-machinery theory

What can also be seen in Figure 66 is that for higher head-ratios, the error with the
theory is smaller.

The efficiency curves have been estimated using a hill chart from Pentair (see Appendix
16). The algorithm for calculating the power for both with fixed and variable speed ratio
were determined and data from the average year 2008 also used in the generic turbine
paragraph gave the following result shown in Figure 67.
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Power for average year 2008 with fixed speed ratioofr,=1,1
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Figure 67 - Fixed versus variable speed ratio power production for data from 2008 - Appendix
16

Clearly having the variable speed ratio with the changing geometry (blade angle, etc.)
produces more power, especially when head or flow is low.

Results from entering the design variants into the hydraulic model the power and energy
produced are shown in Table 21 below for variable speed ratio production:

Energy Production in [MWh]
Design | n,;, | Diameters | Rated | Wet Dry | Average | 10 year | 30 year
variant (rounded) | Power | year | year year average | average
in 2002 | 2003 2008
[kW]

0 4 4,00 2975 8368 | 4156 6669 7180 5713

1 2 2,80 1470 3221 | 2439 3559 4499 2996

2 3 3,40 2550 6538 | 3634 5843 6453 4944

3 4 3,60 2800 8250 | 4124 7003 7356 5858

4 5 3,90 3000 9561 | 4422 7879 8118 6612

Table 21 - Hydraulic model Kaplan turbine results

Page| 71



MSc thesis report - Ing. S.R. van Erp 17 juli 2019

Using the 2008 average as representative value the results from Table 18 change to:

Design variant: CoM 1 2 3 4

Installed kW 2975 1475 2642 3031 3160
capacity

Total costs min € 19,3 9,6 17,1 19,6 20,5
Energie kWh 6.669.000 | 3.559.000 | 5.843.000 | 7.003.000| 7.879.000
production

Price per kWh | €/kWh 2,89 2,69 2,93 2,80 2,60

Table 22 - Updated economic performance of regular Kaplan turbine

6.6 VENTURI ENHANCED KAPLAN

Venturi enhanced in this case means that the venturi effect, drop of pressure when flow-
velocity increases, is used to increase the head-difference over the turbine. To achieve
this, discharge is being employed to increase flow-velocity behind the outflow pipe of the
turbine. This discharge (ideally) would otherwise not be used.

Basically, discharge is being used to increase the head-difference over the turbine, which
makes it interesting for the location of Driel, because the head-difference is low and
discharge can be relatively large as opposed to for instance hydro-power-dams in
mountainous regions.

The test setup that was used in the research of 2014 [38] by “VerdErg Renewable Energy
Ltd.” is shown below in Figure 68. The tube or pipe with the turbine in it will from here
on be called the “turbine tube”. The main flow goes through what could be called a
bypass from the turbine, so this is called the “bypass tube”. In the mixing section the two
flows come together and this pipe section till the outflow will be called the “common
tube”.

RETURN WATER

'l I;I (F') [

3 MIXING
SECTIONS HEAD

S, =L

777 7 7,
-
ADJUSTABLE
DUCT LENGTH
ECONDARY
FLOW PIPES
Cross-section A-A: Cross-section B-B:

Turbine tube Common tube

Bypass tube

Figure 68 - Drawing of test setup for performance tests on Venturi Enhanced Turbine (top) and
below cross-sections and flow velocities - Source: [38, p. 5]
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6.6.1 Head discharge relation

The head gain is caused by the mixing zone, the “conflux zone"”. The water going through
the bypass tube just before the conflux zone has a higher flow velocity than the turbine
flow and slows down in the common tube giving its momentum to the slower moving
water particles from the turbine flow.

The turbine flow gets boosted by this bypass flow interaction and instead gains
momentum when transitioning to the common flow. Eventually after some length (the
mixing length) the flow velocity stabilises to the well-known velocity profile and the flows
have mixed completely. This can also be seen in Figure 69.

In Appendix 2 the “loss” coefficients related to this head gain are described and
included in the hydraulic model of the VET included in Appendix 17.
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transfer

L

Figure 69 - Longitudinal cross-section with flow velocities and sketch of velocity field

This makes determining the discharge a bit more challenging. The company indicated
that the ratios of discharge were 20% through the turbine and 80% through the bypass
[38]. This distribution is a bit arbitrary, because it may change per head difference

From continuity the discharge through the turbine and through the bypass together need
to be equal to the common flow. What discharge actually goes through each pipe is
determined by its resistance which can be quantified with the quadratic resistance
coefficient and for turbine tube also by the turbine head. Essentially the turbine tube is
just a regular Kaplan pipe system except it has no draft tube.
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What also needs to hold true is that the head over the two separate pipes is equal. The
following can be stated:

Head over turbine and bypass:

AHye = AHppe (10)
And:
2 4
2 p3(N\3
AHy = AH; + AHyt 1055 = (Qe)3 = ?(N_) + Qi * Cyt (11)
S
Aprt = Aprt_loss = Ql%pt * Cbpt ( 12 )
AHy = AHct_loss = cht * Cy ( 13 )
Qct = Que + prt (14)

Where the following subscripts correspond to these sections of the pipe system:
tt = the turbine tube section

bpt = the bypass tube section

ct = the common tube section

And where:

AH, = The head over the turbine in [m]

AHyt 1oss = The head-losses in the turbine tube in [m]

To get to the total head difference over the structure the head over the separated section
and the common section are summed.

AHgyq = AHpqr + AH, , where: AH,,. = AHy = AHpy, (15)

The subscript "par" correspond to the section where the parallel tubes are present,
indicating both turbine and bypass tube.

For a parallel system without a turbine load the equation could be rewritten to:

AH AH AH AH. AH
Qpar — Qtt+prt o Qct =\] tt+ bpt o \] par =\] par + par

Ctt Cbpt Cpt Ctt Cbpt

Rewrite to C,q,:

1
o =TT
Cbpt Cet

(16)

Note: this is just like summing the resistances of parallel resistors in an electric circuit.

However, when also the turbine is taking a part of the head this doesn’t work anymore.

Deduced is that two variables need to be solved, namely the discharge through the
system Q,,s and the discharge through the bypass Q,,, (or, alternatively the turbine,
either one works).

Defining the following relations:

sts = Q¢ ( 17 )

Qi = sts - prt (18)
Where:

Qsys = The system discharge in [m3/s] going through the entire pipe system.

It is equal to the common tube discharge and also the combined
discharge through the parallel part of the system.
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The system of equations to solve Q,,, and Q,,s with is then:
AHg,q = AH, + AHt,loss + AH,,

AHppe = AHy,

Expanding/substituting previously defined relations:

2 4
* (Usys — 3(N\3
[AHM = <(" Qs = oy (—)3> + (@sys = Qope)” * Cee + (@s9s) 4 G

g N
(19)

2 4
* (Qgys — 3 /N\3
Cbpt * (prt))z = <(r] (Q i prt) ) <_>3> + Ctt * (sts - prt)z

g N

All the variables in this set of equations, except for the system discharge Q,,; and the
bypass discharge Q,,;, are either given for a situation (the available head for instance),
or part of the geometry and configuration of the system and thus known. Solving the
system in ( 19 ) with Newtonian method, making use of the inverse Jacobian matrix,
gives both the unknown discharge and enables calculation of all the discharges, head
losses, etc. in the system. (See also Appendix 17 with the hydraulic model of the VET)

6.6.2 Design variants

In the eye of time, the design variants will be based on the regular Kaplan designs (same
discharge area). This in effect means that the existing design variants are fitted with a
bypass. The VET design variants are determined with the same diameter ratio as well:

Design Number of Discharge Diameter of VET
variant turbines area A, per (rounded to 5cm)
Mpin VET* in [m?] in [m]
0 (CoM) 4 10,8 4,05
1 2 5,00 2,75
2 3 7,80 3,45
3 4 8,75 3,65
4 5 10,00 3,95

Table 23 - Design variants for Venturi Enhance turbine (VET) - See Appendix 17

All the parts of the VET have been designed with the rules of thumb for Kaplan turbines
as shown in paragraph 6.5 “"Regular Kaplan Turbine”.

Below a table with important dimensions:

Design | Nr. D,.tor | Diameter Inflow | Lengt | Width | Area per Area
variant of opening of the h total | total turbine total
turb. bypass tube

DV # m m m m m? m?

0 4 4,0 10,4 86,3 46,8 901 3.603

1 2 2,8 7,1 58,6 17,2 416 831

2 3 3,4 8,9 73,5 30,7 654 1.961

3 4 3,6 9,4 77,7 42,7 732 2.926

4 5 3,9 10,1 83,1 56,3 835 4.176

Table 24 - Dimensions of power house for VVenturi enhanced Kaplan turbine
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6.6.3 Head gain
The discharge area ratio is defined as:

Ty = e (20)
Ace
Where in this case the:
Ay = The discharge area in [m?] of the turbine tube at the cross section
where it connects with the conflux zone
Ay = The discharge area in [m?] of the common tube/conflux zone

By trial and error changing this ratio it was found that the head gain is largest when the
area ratio is 80% or higher. The related discharge ratio is actually lower than the claimed
80%/20% ratio. The claim that Verderg makes is also that with a 2,5m head ratioa 7,5m
head ratio can be achieved. This seems unlikely, but was also not be disproven here.

The higher the flow-velocity of the bypass tube with respect to the turbine tube is, the
larger the head gain. Increasing the area ratio does this, although there is a point where
the gap is so small that the flow is stopped completely. So r, can for instance not be
99,9%. To prevent the flow velocities from getting unrealistic (in the order of 200m/s) a
nice middle way was found at an area ratio of 94%.

For this ratio the discharge and head differences were calculated for 4 available head
differences shown in Table 25. As can be seen the head differences over the turbine are
higher than the available head. This goes at the cost of a discharge between 4 and 16
m?3/s, that is around 20% for available heads of 2,5 and 2,0m and near 50% of the total
discharge for the lowest available head differences.

Available DVO DV1 DV2 DV3 DV4

head in [m]
2,5 2,95 2,91 2,95 2,96 2,98
2,0 2,46 2,43 2,45 2,46 2,47
1,4 1,74 1,73 1,74 1,74 1,74
0,5 0,54 0,54 0,54 0,54 0,54

Speed ratio: 1,6 2,35 1,9 1,8 1,7

Table 25 - Head over turbine in [m] - Venturi effect quantified - Head over turbine for 3 available
head-differences — See Appendix 17

The speed ratio also plays a role in the head gain. There is a certain optimal value, but
the relation is not as clear as for the regular Kaplan. The optimal speed ratio is therefore
determined iteratively.

When the bypass is opened there is also a small increase in discharge. Comparing power
gained and power lost, for the area ratio of 94% is as follows:

Power in [kKW] gained by opening bypass

Available DVO DV1 DV2 DV3 DV4

head in [m]
2,5 972 422 683 770 883
2,0 627 274 437 492 559
1,4 250 111 173 193 216
0,5 5,8 2,7 4,0 4,4 4,8

Power in [kW] Lost by opening bypass
2,5 481 215 346 390 449
2,0 354 158 254 286 328
1,4 198 89 141 159 181
0,5 26,6 12,2 19,0 21,3 24,1

Table 26 - Power gained/lost by opening bypass for different available heads - See Appendix 17
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As can be seen in the table above, whether more power is gained or lost by opening the
bypass depends on its configuration (speed ratio), available head and geometry.
However, with the speed ratio above it is possible to gain power till at least 1,4m.

6.6.4 Power output VET

In the model for the power production both open and closed bypass are calculated and
the largest one is chosen. Instead of deriving the exact relation for the optimal speed
ratio, an approximation is made here where the optimum was found for the available
heads shown in Table 26. The speed ratio was then interpolated.

The same efficiency curves have been used for the VET as were used for the regular
Kaplan turbines, only now scaled to the discharge of these turbines. The head-difference
efficiency remains the same. The same range of head differences as for the Kaplan is
expected for the VET.

Turbines switch on and off in the same way as regular Kaplan, except for the VET first
the discharge with the bypass is checked. If not enough is available to run the bypass,
then the remaining flow is used to power the turbines with switched of (meaning they
closed the valve) the bypass.

Because the system of equations was a bit demanding computationally a series of
discharges was calculated for a predefined series of available heads. A cubic spline
function was then defined for faster lookup.

Design Noin Diameter of Rated Energy 10 year 30 year
variant VET Power in | Average average - average -
(rounded to [kW] year Energy Energy
5cm) in [m] 2008 in
[MWh]
CoM 4 4,05 3673 8087 6307 6565
1 2 2,75 1699 3994 3184 3312
2 3 3,45 2909 7105 5508 5741
3 4 3,65 3510 8097 6372 6654
4 5 3,95 3977 9256 7334 7603

Table 27 - Hydraulic model Venturi turbine results

The difference between the Regular Kaplan Turbine and Venturi Enhanced Kaplan are
shown in Figure 70 on the next page.

6.6.5 Cost estimation VET

The investment cost have been estimated in the same way as the Kaplan, being based on
the cost per kW from HPP Maurik. The uncertainty for the VET has been taken to be 30%,
because of the larger number of parts in the system, making the price €7.020,- per kW.

With those assumptions the following cost-breakdown can be made:

Design variant: 0 (CoM) 1 2 3 4

Turbine diameter m 4,05 2,75 3,45 3,65 3,95
Rated Power [kW] 3.673 1.699 2.909 3.510 3.977
Total costs min € 25,8 11,9 20,4 24,6 27,9
Energy production | kWh 8.087.000 | 3.994.000 | 7.105.000 | 8.097.000 | 9.256.000
Price per kWh €/kWh 3,2 3,0 2,9 3,0

Table 28 -Costs of VET design variants — See Appendix 17
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Figure 70 - Venturi versus Regular Kaplan power production for data from 2008 - Appendix 17

6.6.6 Conclusions VET

The Venturi Enhanced (Kaplan) turbine is an interesting concept and can be investigated
further still. Many optimisations and design considerations can still be done. The current
version of the design is expensive for the energy yield it has (€/kWh). But it was
definitely proven that by sacrificing discharge the head can be increased till more than
the available head-difference, which means that the turbine can be operated for longer
than ones without a bypass enhancement.

The most cost effective design variant is design variant number 2. It is however clear
that by basing the design variants directly of the Kaplan design the energy extraction is
not ideal. Having larger and more turbines can be a solution to this.

Also the energy has been calculated with a fixed speed ratio (so basically it is a propeller
instead of a double regulated Kaplan). This because calculating the optimal ratio proved
challenging, especially within the used program (MathCad).

Recommended would be to do the calculation with a software package that is better
suited to run extensive loops. Perhaps a Python script will work well.
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6.7 ARCHIMEDES SCREW TURBINE (AST)

Taking a copy of the reference project (see 4.4.2 Reference project Dommelstroom)
“Dommelstroom” at Sint-Michielsgestel to the situation of Driel, for the design variants
the amount of turbines can be estimated by taking the same total discharges from the
Kaplan turbines (as discharge area for a Kaplan system is not really comparable with an
AST).

Design Total discharge | Number of | Discharge per Total power
variant Qmaxtotar 1N [M?/ turbines turbine @, in (Pratea = 156kW)
s] Mgeto [m?3/s] [kw]
CoM 333,6 33 10,1 5137
1 110,8 11 10,0 1712
2 232,1 23 10,1 3580
3 298,8 30 10,0 4670
4 356,3 36 9,9 5604

Table 29 - Amount of AST's per design variant

A large amount of turbines are needed to get the same amount of power as the Kaplans

due to the smaller discharge capacity of the AST’s. The area south of the weir has about

87m available. The turbine in Sint Michielsgestel is 6m wide. Assuming some extra space
is needed and each turbine needs 7m, then 12 AST'’s can be fit south of the weir. This is

sufficient for design variant 1, but only gets to half or 1/3 of the required amount for the
other design variants.

This makes the land usage as follows:

Design Nr. D, otor Width Length Width Area per Area
variant of per total total turbine total
turb. turbine

DV # m m m m m? m?2

0 33 4,0 7,0 8,0 231,0 56 1.848

1 11 4,0 7,0 8,0 77,0 56 616

2 23 4,0 7,0 8,0 161,0 56 1.288

3 30 4,0 7,0 8,0 210,0 56 1.680

4 36 4,0 7,0 8,0 252,0 56 2.016

Table 30 - Dimensions of power house for Archimedes Screw Turbine

Inflow water and fill level

AST'’s are most efficient when both downstream and upstream ends of the turbine are
halfway in the water [39, p. 7]. The water level is therefore also of influence on the
efficiency of the turbine. However, this goes beyond the scope of this research to exactly
calculate this.

From geometry the minimum head can be calculated. Assuming for the moment the
downstream level is constantly at turbine axis level, regulated by the downstream weir.
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Figure 71 - Longitudinal schematic cross section of Archimedes screw to determine minimum
head difference

The minimum head difference is clearly also dependent on where the through opens up
stream. For the copy of Dommelstroom, the trough is assumed to be closed at the
outside edge of the screw till the end of its length (like indicated in Figure 71). Thus the
minimum head required to let water through the turbine is as follows:

D,
AHy tnres = Lierew * SIN(B) — —=  cos(B) = 6,0 * 0,375 — 2,0 x 0,927 = 0,393m ~ 0,4m (21 )
Where:
Lscrew = The length of the screw in [m]
Doyt = The outer diameter of the screw turbine in [m]
B = The angle of inclination (with respect to horizontal) in [°]

The cross-section of the inlet looks somewhat like indicated in the top right of Figure 71.
The effect of a head difference lower than design level will be taken into account by a
percentage based on the fill level.

Approximated as shown in Figure 72. Here also the efficiency as function of discharge is
shown. The total efficiency is assumed to be the product. The maximum efficiency is then
at 80% of the discharge and 100% of the head-difference.
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Figure 72 - Efficiency as function of fill level of AST inlet.

With that the production is:
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7,00
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AST energy production
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4,00
3,00
2,00
1,00
0,00 L
1 5 11 23 30

33

Number of turbines

36

Design Nr. of Annual Capacity | Cost based on Investment per
variant | turbines Energy in factor in | Dommelstroom | annual energy in
Ng-10 [GWh/year] % in [mIn €] [€/kWh/year]

CoM 33 7,44 16,5% 51,4 6,90

1 11 4,46 29,7% 17,1 3,84

2 23 6,77 21,6% 35,8 5,29

3 30 7,32 17,9% 46,7 6,38

4 36 7,50 15,3% 56,0 7,47

Table 31 - Performance AST’s
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Costs estimate made in Table 31 is based on Dommelstroom, but with a uncertainty
margin of 20% as the situation at Driel is different than at Sint Michielsgestel. They are
estimated as being 1,2 million € per 120kW including all civil works, electrical equipment,
etc. This makes the price €10.000,- per kW, much higher than the other turbine types.

Conclusions for AST

The Cost assessment in Table 29 is perhaps a bit crude, as for Driel there will be much
more civil engineering costs with dredging a channel and creating a sufficient spill way to
cancel the obstruction that these number of turbines will form.

The AST performs best for low flow situations. The energy density is larger for Kaplan
turbines as less turbines are needed to create the same amount of energy.

The variant with the lowest price per yearly estimated kWh is design variant number 1 of
only 3,84 euros per kWh which is scoring the best and thus included in the scoring table
in chapter 7.

The pump enhanced AST was looked into but quite quickly it became clear this is not
interesting for the location at Driel.

6.8 CONSTRUCTION DEPTH

Concerning the rotation speed all the designs are based on Maurik. This means the rotor
turns with a speed of about 78rpm and has a gearbox that increases the rotation speed
to the generator to 750rpm. For cavitation the 78rpm is the relevant number.

The Thoma coefficient is largest when the specific speed is largest. With a constant
rotation speed this happens at a low head and a large discharge, due to the specific
speed relation.

For the regular Kaplan turbines the admissible depth of the central axis of the rotor is:

T =[] 0 10 20 30

Setting depth for Kaplan turbines Ryap = [m] 0,06 0,13 0,24 0,43

Design hy N Ngmax | Ors hatm hsoim | Rsaam | Psaam | Psadm
variant

m rpm | rpm - m m m m m

0 0,60| 78 188 | 0,65 10 9,55 9,49 9,37 9,18

1 0,30 78 185 | 0,60 10 9,76 9,70 9,58 9,39

2 0,30| 78 226 | 0,90 10 9,67 9,61 9,49 9,30

3 0,30 | 78 239 (1,10 10 9,61 9,55 9,43 9,24

4 0,33 78 259 | 1,30 10 9,51 9,45 9,34 9,14

Table 32 - Setting depth of Kaplan turbines using Thoma'’s cavitation coefficient

The Regular Kaplan turbines need to be built quite deep, but this is quite comparable to
the construction depth of the Maurik power plant, so not unexpected.

For the AST cavitation doesn’t play a role and for the Venturi Enhanced turbine more
research should be done into cavitation as it is not clear if it can be assumed that the
method used for regular Kaplan turbines is also valid for the more complex hydraulic
system of the Venturi turbine.
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6.9 FINANCIAL ANALYSIS

6.9.1 Magnitude of investment

Design Investment | Cost per | Cost per
variant costs in kW kWh per
[mIn €] year

Kaplan 1988 (copy of Maurik) 0 19,3 6.480 2,89
Kaplan Pentair Turbine 1 9,6 6.480 2,69
2 17,1 6.480 2,93

3 19,6 6.480 2,80

4 20,5 6.480 2,60

Venturi Enhanced turbine 2 20,4 7.020 2,87
4 27,9 7.020 3,02

Archimedes Screw turbine 1 17,1 10.000 3,84
2 35,8 10.000 5,29

Table 33 - Magnitude of investment summarizing table

By sheer volume of money the Regular Kaplan turbine design variant 1 wins by quite a
lot. The next cheapest variant is 7,5 million euros more expensive than that one. Of the
selected design variants the most expensive is the Archimedes screw turbine variant
number 2.

6.9.2 Levelized cost of electricity (LCOE)

For investments in renewable energy development projects Triodos bank uses a rate of
interest of 3,3% [40]. For lending money they will probably take a margin above this, so
a percentage 5,3% is also considered in the results table.

Costs have been subdivided based on the percentages shown in Figure 73

Subdivision | Percentage of Life time
investment (year)
costs

Civil 51% 50

Transmission | 18% 50

Turbine 11% 25

Generator 10% 25

Controller 7% 25

Figure 73 - Costs subdivisions — Source:
dr. Marence Other 3% 10

The different parts of the costs have a different lifetime and certain parts need to be
replaced later in the life-cycle. The present value of these returning expenses have been
calculated in the following way:

1+inflation)x

“Major expense”(year,) = Expense(year,) * ( P

For instance for design variant 0 (copy of Maurik) the investment costs are 19,3 Million.
The “other” expenses are 3% of that (€579.000,- ) and repeat every 10 years. According
to “Worldwide Inflation Data” [41] inflation in the Netherlands was an average 2% the
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last several decades. Using this, the present value of the expense in the 10™ and 20%
year are:

1+0,02
1+0,033

10
“Major expense”(year 10) = 579.000 = ( ) =€510.126,-

1+0,02
1+0,033

20
“Major expense”(year 20) = 579.000 = ( ) = €449.444 -

For the revenue the same is done, only here the SDE subsidy comes into play. This is
given per kWh of sustainable energy that is produced. There are a few “fases” that have
different rates. The base rate is the only one that is considered here to give a
conservative estimation. The base amount is €0,09/kWh with a correction in 2019 of €-
0,046/kWh, so effectively €0,044/kWh [42]. The subsidy is given for the first 15 years of
the lifetime of the hydropower plant. The yearly operational cost have been taken as 4%.

In general the present value of the revenue is calculated as:

1+inflation)x
1+r

revenue,gpg(jaary) = (Egnnua * (PoE + SDE) — 0C) * (

Where:
PoE = Price of electricity in [€/kWh]
oC = Operational costs in [€]

For design variant 0 an LCOE was found of €0,174/kWh, so then the present value of the
revenue in the 15t, 10t and 20 year is as follows:

1+0,02
1+0,033

1
revenue, gpr(jaar;) = (6.669.000 * (0,174 + 0,044) — 46.446) * ( ) = €1.390.408,-

1+0,02
1+0,033

10
revenue, gpr(jaaryy) = (6.669.000 * (0,174 + 0,044) — 46.446) * ( ) = €1.038.101,-

1+0,02
1+0,033

20
revenue, gpr(jaar,,) = (6.669.000 * (0,174 4+ 0) — 46.446) * ( ) = €593.949,-

A design life-time of 50 years is taken. See for LCOE values Table 34 of chapter 7.

The Archimedes screws have the highest cost of electricity and the regular Kaplan the
lowest.

6.9.3 Internal rate of return
To indicate profitability of the investment (and thus how likely parties are willing to
invest).

Using a cost of electricity of €0,207/kWh that design variant has as LCOE to normalise
things. Only the 2" design variant of the AST’s is not able to get to zero after 50 years
considered lifetime even with an interest rate of 0.

The best performing is design variant 4 of the regular Kaplan turbines with 6,7%. A close
second is design variant 1 with 6,1%, which is interesting, because this was also the one
with the lowest investment costs.
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Results table Variants
Description unit Kaplan Kaplan Pentair Kaplan Venturi Archimedes
1988 Screw Turbine
(AST)
Design variant - DV CoM DV1 DV2 DV3 DV4 DV2 DV4 DV1 DV2
Nr. Of turbines # 4 2 3 4 5 3 5 11 23
Diameter of turbine m 4,00 2,80 3,40 3,60 3,90 3,45 3,90 4,00 4,00
Land use (width of m 45,0 17,0 29,5 41,0 54,8 30,7 56,3 77,0|  161,0
powerhouse)
Land use (minimum area m? 1.760 431 954 1.426 2.091 1.961 4.176 616 1.288
of power house)
Rated Power kW 2.975 1.475 2.642 3.031 3.160 2.909 3.977 1.712 3.580
Power per turbine kW/ # 744 738 881 758 632 970 795 156 156
Annual Energy MWh 6.669 3.559 5.843 7.003 7.879 7.105 9.256 4.460 6.770
Capacity factor % 25,6% 27,5% 25,2% 26,3% 28,4% 27,9% 26,6% 29,7% 21,6%
Estimated investment Mln € 19,3 9,6 17,1 19,6 20,5 20,4 27,9 17,1 35,8
Investment cost per kW €/kW 6.480 6.480 6.480 6.480 6.480 7.020 7.020 10.000 10.000
Lr;\;e;;?rent cost per kWh €/kWh/year 2,89 2,69 2,93 2,80 2,60 2,87 3,02 3,84 5,29
rrR———
LCOE with r=3,3% and €/kWh 0,174| o0,161| 0,176| 0,178| 0,154| 0,173| 0,182 0,238 | 0,336
fase 1 SDE subsidy
e = =0

LCOE with r=5,3% and €/kWh 0,207| o0,191| o0,210| 0,199| 0,183| 0,205| 0,217| 0,283| 0,400
fase 1 SDE subsidy
IRR with POE= 0.0%
€0,207/kWh and fase 1 % 5,3% 6,2% 5,2% 5,7% 6,7% 5,4% 4,8% 1,7% AN

. (Loss)
SDE subsidy
Fish mortality rate % 13% 2% 2% 2% 2% < 2% < 2% 5% 5%

Table 34 - Results table for all considered variants — POE=price of electricity
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8 CONCLUSION AND RECOMMENDATIONS

8.1 CONCLUSIONS

First theory has been reviewed and theoretical model was produced that was able to
match a Hill-chart of the Hydro-power plant in Maurik. The model uses turbo-machinery
theory and hydraulic theory for pipe-systems.

8.1.1 Location

The location at Driel was assessed and an in depth analysis of the flow was performed.
From this, a flow duration curve with related head-differences was produced. This was
used for estimating production of various design variants.

Also spatially the location has been reviewed. For head based variants the possible
locations are between the weir and the primary flood defence near the village of Driel.
Between the weir and the lock there are several possibilities and North of the ship lock
also some space is available. At the latter special attention needs to be paid to the
present nature reserves and protected areas.

Another interesting find was that a mid-range voltage (10kV) cable runs through the
weir. Connecting a hydro-power plant to this doesn’t require lengthy wiring and
accompanying costs and can be used given this cable can take the output power of the
plant.

Shipping is a relevant factor for this location. Although more shipping goes over the Waal
river, the Nederrijn also sees between 10 to 15 thousand ship movements per year, most
of it going up stream. Professional shipping is quite constant throughout the year and
recreational shipping is present mostly in the summer.

8.1.2 Flow analysis

The production was sought in flow regime b (partially closed), where the amount of
opening of the weir gate(s) can be changed to divert flow to the turbines of a hydro-
power plant. The weir functions as the main regulator valve for water distribution in the
Netherlands. It's safe to assume that it is too complex to consider to change the weir
operations for flow regimes “a” (fully closed) and “c” (fully open), as well as changing the
moments when they happen. This because they affect many processes and regimes
throughout the country ranging from flood defence at a national level to ground water
regulation and agriculture on a local level.

Within flow regime “b” a generic turbine was designed, where no specific turbine type
was assigned yet. After making several assumptions to reduce the amount of variables, 5
design variants were found with a certain discharge area and maximum discharge. One
of these design variants resembles a copy of the turbines in Maurik. The other 4 were
chosen more or less arbitrarily, sub-dividing the “annual production per discharge area”-
curve.

A maximum to the discharge area was set to be 50m?, because it can be concluded
beforehand that power-plants much larger than Maurik (43,2m?) will not be economically
feasible. Their production is half that of Maurik and the cost are the same or more, which
leads to them being eliminated before further analysis.

After that the optimal speed ratio was investigated and it was found that using this
optimal speed ratio an increase in power produced was reached between 9,7% and
16,6%. This optimal speed ratio is determined by the head ratio, which produces
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maximum power when it is the largest value of either 2/3 or 1 minus the normalised
hydraulic losses (normalised with respect to available head difference).

8.1.3 Kaplan turbines

Building further on the generic turbine analysis, the Kaplan type was assessed.
Diameters were determined from the discharge area and these dimensions were fed into
the hydraulic models. This yielded a more precise energy estimation for the design
variants.

The regular Kaplan turbines perform very well both technically and economically.
Especially design variant number 4 that with 3,16 MW installed capacity produces the
most energy of the regular Kaplan design variants. This variant also has the lowest LCOE
of all the designs made.

8.1.4 Venturi turbines

The design variants for the Venturi enhanced Kaplan turbine are based on the regular
Kaplan turbines, the difference being that they have an additional bypass pipe. This way
the variants from the venturi enhanced turbines and the regular Kaplan can be compared
and it is clear that with the enhancement more power and with that more energy is
produced.

The enhancement does indeed increase the head difference over the turbine at the cost
of discharge, if it has the right configuration regarding area ratio and turbine resistance.
Given the right configuration, the amount of power lost is generally less than the power
gained. Opening the bypass is therefore beneficial for most flow situations.

The challenge with the design of this variant was that extra parameters that came into
play, like the ratio of area between the bypass and the turbine tube. An ambitious
designer could even include a regulation valve to make the area ratio also variable during
operation of the turbine.

All these degrees of freedom meant that some assumptions had to be made to get to one
unique solution per variant within the time bounds of this research. The VET can easily
be a thesis subject in and of itself.

Technically the Venturi performs really well, producing the most energy of all the
variants. However, due to the high power capacity the estimated costs were also high.
Economically the Venturi scores slightly worse than the regular Kaplan for this reason.

Further development and optimisation of this design is required to make it competing
with the regular Kaplans.

8.1.5 Archimedes screw turbines

The Archimedes screw turbine (AST) was assessed using the reference project the
“Dommelstroom”. This project costs in total 1 million euros for 1 AST of 120 kW,
producing in theory 600 MWh/year, but current production figures show more in the
range of 370MWh.

An array of AST's of 23 "Dommelstroom” turbines appears to utilise the available flow
quite well. Going by the reference project this would cost 35 million euros and yield on
average 6770 MWh per year, good for about 1900 households (at 3500kWh/hh).

However, the costs per kilowatt are the largest of all variants and this makes the variant
economically the least attractive. Perhaps with a more detailed cost analysis a reduction
can be found in the fact that so many screws need to be produced. Having reoccurring
designs generally reduces costs, both in mechanical and civil works.
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8.1.6 Overall conclusions

To answer the main research question, all variants are technically able to extract energy
from the very low head situation at Driel. As predicted beforehand the challenge lies in
the economic feasibility. With sufficient SDE subsidy the regular Kaplan turbines can be
made feasible. Of these design variant number 4 scores the best on LCOE and IRR.
However, for HI design variant 1 might be more interesting as it has the lowest
investment costs as well as the second best LCOE and IRR.

The Venturi enhancement is interesting technologically and potentially economically too.
It needs further development to be competitive. The AST is performing the worst and,
although it was able to get the same energy output figures, it didnt live up to the
expectations of being the cheapest variant.

The method used for analysis at Driel can also be used for other low head run of river
plants. When the choice is made to use pressurised flow with a turbo-machine based
turbines the hydraulic models used in this thesis are applicable for similar situations and
also the first estimation using the generic turbine can be very useful to get an idea of the
size and amount of the turbines. The optimal head ratios and related speed ratios are
also valid for other situations as the turbo machinery theory is specifically defined as
being applicable for many different situations and types of turbo-machines.

However, when using a turbine with a fixed geometry, so not being able to for instance
change the blade inclination can limit the range with which the speed ratio can actually
be varied. The used theory is therefore most useful when designing double regulable
Kaplan turbines.

8.2 RECOMMENDATIONS

As also mentioned in the conclusions, further development of the VET turbine design is
highly recommended. The operational range of the Kaplan is increased and also the
power produced. The configuration and calculation of energy yield can be further
optimised. Also what should be looked into is how to optimise the head gain. For instance
CFD analysis and/or lab tests showing the limits and benefits of the conflux behind a
turbine tube.

Another recommendation is to look into other turbine types. In this study the Archimedes
screw was at first considered a technologically more simple and thus cheaper power
source, but turned out to be more expensive compared to the yield. Perhaps waterwheels
can still be a competitive designs as they tend to have a very stable efficiency curve. Just
like for the AST the flow capacity will be an interesting challenge for that type.

Also any further developments in low head turbine technologies could be investigated.

Location specific recommendations are: looking into combining water storage from high
flow situations, so that this water flowing down the river is not wasted. In the locations
analysis paragraph some suggestions have been made for storage areas. Being next to
one of the few hills in the Netherlands, pumped storage could also be an option here.
Challenge with that will be fitting it into the environment with nearby nature reserves and
inhabitants.

Besides that, a study into fish friendliness for the future turbines will be greatly beneficial
to the furthering the plans of realising the hydro power plant in Driel. For this working
together with Hydro-power-plant Maurik is advised as they have both the same problem
and more experience with it.
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What also has to be kept in mind is that making a hydro-power station at Driel means
that there are two active hydro power plants in the Nederrijn. Interaction and how to use
the resources as an ensemble is something worth studying as well. Studying this system
on a more national level could also include the IJssel lake and the locks and pump
stations discharging water into the North-sea.
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