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Abstract

The rapid growth in world population and increasing demands have led to the lack of fresh water, taking
a toll on several of earths reserves, mainly the fresh water supply reserves. Water stress deters economic
growth, leads to conflicts and has a direct impact on the health of humans. Studies show the trends in the
increase of water consumption per capita due to increase in higher standards of living over the last years,
resulting in the decrease of usable high purity water. 97% of the world’s water supply is locked in the
salted, often unusable oceans. In recent times, water stressed countries are using the saline water from
the oceans and desalinating it to produce fresh water for domestic, industrial or agricultural use. The
state-of-the art method for desalinating saltwater is by Reverse Osmosis (RO). The biggest drawback of
this technology is its high energy consumption mostly provided by conventional sources like fossil fuels.
Therefore, for a sustainable future, a renewable energy source must be integrated to power the RO
system.

Delft Offshore Turbine (DOT) is currently developing and testing a new hydraulic drive train solution for
fluid power transmission in offshore wind turbines using seawater as the medium. A hydraulic positive
displacement pump is driven by the DOT wind turbine creating a flow of sea water under high pressure.
This high-pressure flow can be either directed to a RO unit to desalinate seawater or converted into
electricity using a spear valve and pelton turbine generator. A major challenge while using wind as an
energy source is its intermittency. Reverse osmosis plants are designed to operate at a fixed flow and
pressure while due to the uncontrolled, varying nature of the wind, the pump output experiences
fluctuations in both pressures and flows.

The aim of this thesis is to analyze the steady-state behavior of the integrated system for wind speeds up
to the turbine rated wind speed under different operating conditions. This is achieved by simulating the
behavior of the DOT500 hydraulic drive train wind turbine coupled to a RO system with pressure
exchanger energy recovery device and a nozzle with a pelton turbine generator. The main objective of this
research is to build a numerical model in Python using algorithms to solve the system of steady-state
equations and optimize the integrated system for maximum water and maximum electricity production
at specified locations.

The numerical model is simulated for all combinations of wind speeds and nozzle positions and the
behavior of the high-pressure pump, RO system, pelton turbine and various system parameters are
shown. A sensitivity study is performed for important desalination parameters and their effect on system
performance is analyzed.

This research has yielded three main conclusions / deliverables:

1. Behavior of the wind powered integrated system to produce freshwater and electricity at
different operating conditions.

2. Steady state control of DOT500 turbine and behavior of the pelton turbine to produce either
maximum electricity or maximum water.

3. Sensitivity of important desalination system parameters on overall system behavior for future
optimization of RO membranes.
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Chapter 1: Introduction

The purpose of this chapter is to introduce the problem which this thesis will try to solve. Background
information of the problem is stated, followed by the problem definition. Finally, the objective of this
thesis, methodology used to tackle it and the structure of this thesis will be described.

1.1 Background on water desalination

The higher standards of living and the significant increase in the world’s population has resulted in the
increase of per capita water consumption over the last years and has, thus, led to a decrease of high purity
usable water. The trends show that the natural freshwater resources are severely exploited and, in most
cases, depleted making it necessary to pursue alternative freshwater resources. Nearly 70% of the earth
is covered by water, of which only 2.5% is fresh water [1]. Glaciers and permanent snow constitute most
of this fresh water. Table 1.1 shows the global water mix indicating that most water is oceanic water,
which when treated can be used as fresh water for drinking, agricultural or industrial purposes. The
dissolved salts are removed by desalination, thus providing a way of converting this sea water or brackish
groundwater into fresh water. Sustainable ways of producing freshwater are vital to supply the need as
the demand for fresh water grows at an exponential rate.

Table 1. 1: Global water stock [1]. Adapted from [2].

Location Volume (*10° km3) Percentage (%)
Oceans 1338.0 96.54
Ice caps, Glaciers & Permanent 24.06 1.74
snow
Groundwater (Brackish or 12.87 0.93
saline)
Groundwater (Fresh) 10.53 0.76
Ground Ice & Permafrost 0.30 0.022
Lakes (Fresh & Saline) 0.176 0.013
Rivers 0.002 0.0002
Atmosphere, Swamps & 0.025 0.0019
Biological water
Atmosphere 0.012 0.001

Production of water through desalination is increasing globally over the last few years. According to the
International Desalination Association water security handbook, 2019 — 2020 [3], the number of
desalination plants have increased from 1,500 in 2012 to 21,123 in 2020. The total cumulative desalination
capacity in 150 countries is 126.57 million m3/day out of which 63% is generated out of sea water feed
(i.e. oceans) and 19% originates from brackish water sources [3]. More than 300 million people around
the world rely on desalinated water for all their daily needs [3]. This is mainly because of the rapid
population & economic growth, major changes in lifestyle, and extreme scarcity of renewable freshwater
resources.

The desalination plants in Europe are concentrated around the Mediterranean Sea due to water shortages
and sea water abundance in these regions. Concerns about the negative impact on the environment of
operating these plants are raised due to the rapid increase in the construction of desalination plants
worldwide. The biggest drawback of desalination is its high energy consumption compared to other
technologies like filtration, sedimentation and distillation. Currently, most of these plants are operated



using electricity generated by fossil fuels as the main energy source, thus emitting air pollutants like
greenhouse gases. Therefore, these have a large impact on climate change.

Theoretically, the absolute minimum amount of energy needed to desalinate seawater is 1 kilowatt-hour
per cubic meter of usable water produced or 3.5 kilowatt-hours per thousand gallons (kWh/kgal) [4].
According to Akgul et al. [6] , around 70% of the costs to operate saltwater reverse osmosis is the cost of
electricity. Hence the prices of electricity play the deciding factor for the cost of fresh water. Most of the
desalination plants currently run on electricity generated from fossil fuels taking into account the low fuel
costs, especially in middle eastern countries. For every cubic meter of fresh water produced from the
current state-of-the-art Reverse Osmosis (RO) desalination plants, emission is between 1.2 and 1.5 kg of
CO, [7].

This has led to a significant increase in the research for using alternative energy sources as the primary
input for desalination processes, like solar or wind power. A report by Bloomberg [8] shows that the
majority of countries facing water shortage, currently and in the future, have a large amount of renewable
energy sources. These countries are mainly in Africa, the gulf region and in Asia.

The wind farms being built currently with hundreds of megawatts in capacity have the potential to
produce huge amounts of water at an economical cost. The power output from a wind turbine is dynamic
at wind speeds lower than the rated wind speed. This intermittency of wind poses a major drawback to
coupling these technologies with desalination. Another drawback is that these technologies are first used
to convert energy into electrical energy and this electricity is used to power desalination processes. Thus,
losses of energy are induced due to transmission and conversion which leads to lower efficiencies.

Reverse osmosis is an energy intensive process, mainly because of the need for high pressures at the inlet.
The energy can be recovered from the concentrate (high salt concentration) stream which exits the RO
unit at inlet pressures by using Energy Recovery Devices (ERDs), thus making the desalination processes
more efficient.

1.2 Water desalination with the Delft Offshore Turbine

Delft Offshore Turbine (DOT) was established in 2008 as a project set up by DUWIND, an energy research
branch of the Delft Institute of Technology. The main idea of the project was to make offshore wind energy
a competitive energy source without subsidies. The approach was to redesign and restructure the way
energy from the wind is integrated to different processes like desalination or transported back to the grid.
Niels Diepeveen [5] proposed a way to apply fluid power transmission in large offshore wind turbine drive
trains. This wind turbine drives a hydraulic pump directly to feed high pressure feed water for desalination,
rather than using the intermediate step of electricity generation.

A combination of the DOT turbine with a RO system coupled to an ERD was analyzed in more detail by
Roy Smith [9] by designing and constructing a downscaled experimental setup and validating the
experimental results using a numerical model. Furthermore, the behavior of the RO system under variable
conditions has been studied in detail by MF Supper [10] to investigate the effect of fluctuating pressures
and flows on permeate production. When DOT is used to desalinate seawater via RO, the residual energy
that is available, but unused, can be used to drive a pelton turbine and generate electricity.

1.3 Problem definition

The integration of a hydraulic drive train wind turbine system together with a reverse osmosis system to
desalinate sea / brackish water and a pelton turbine to generate electricity has only been done in
literature. The DOT system technology is in its research and development phase of the learning curve.
Although, detailed study and system modeling has been made to integrate the DOT separately with a RO



system and a pelton turbine, a study on combination of both RO and pelton turbine with an ERD has not
been done. The behavior of the RO system under varying conditions is also known precisely. Moreover,
there is insufficient knowledge in optimizing the integrated system for either maximum water / electricity
production using only a nozzle. Simulating the wind powered freshwater and electricity production system
can help in gaining in depth knowledge of the behavior of various integrated system components and
processes at different wind speed conditions. This results in a better understanding of the influence of the
intermittency of the nature of wind on system performance and turbine operation. Depending on the
location of installation of the system, optimization can be done using the simulation to either produce
maximum water or maximum electricity or a favorable combination of the both with the end goal of
maximizing revenue from system operation. An insight into the use of spear valve as a control mechanism
on the performance of a wind driven desalination system is determined to lay a basis for future research
on its exact influence on system stability.

1.4 Thesis Objective

This thesis focuses on the production of fresh water using a RO system coupled to an energy recovery
device and electricity using a pelton turbine integrated to a 500 kW DOT hydraulic drive train wind turbine
(DOT500). The main aim of this research is to investigate the steady-state behavior of the integrated
system using a spear valve and optimize the system for maximum electricity/water production. In
particular, the influence of the spear valve on the control of the wind turbine, systems’ pressures and
flows and behavior of the pelton turbine is analyzed.

This translates to the main research question:

How can the DOT500 hydraulic drive train wind turbine be used to produce fresh water and electricity
using a spear valve as means to control and optimize the system?

The goal of this research is to quantitatively learn and understand the performance of various system
parameters under different operating conditions. For this, the several sub-objectives are stated below:

1. Having a numerical model that solves the system for all combinations of operating conditions to
help in better understanding of the system behavior.

2. Performing case studies of simulations and optimization for maximum water and electricity
production to help obtain the stable operation of the DOT500 turbine.

3. Sensitivity analysis of critical desalination parameters on overall system behavior to obtain
guidelines for operating the DOT/RO system.

1.5 Methodology

The main purpose of this research is to simulate the system shown in Figure 1.1 below. A generic
numerical model is constructed for combining the DOT500 with a pelton turbine for electricity generation
and a reverse osmosis system coupled to a pressure exchanger energy recovery device for water
production.
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Figure 1. 1 General overview of the DOT system.

The system is solved using an algorithm written in Python. A spear valve is used as the main control
mechanism for the system operation. The behavior of various system parameters are presented for up to
rated wind speeds and all positions of the nozzle in the spear valve, to understand the system behavior
under different operating conditions. The system parameters include the system operating pressure, flow
rates from the high-pressure pump to both the pelton turbine through the nozzle and RO unit through
the valve and torque and rotational speeds of the DOT500 turbine and pelton generator.

Optimization of the designed system is performed for maximum water production and maximum
electricity production with an objective to maximize the revenue generated for three locations namely
Maasvlakte in The Netherlands, Aruba South and Aruba North in the southern Caribbean Sea. The steady
state set points for both cases of optimization using the nozzle along with the behavior of various system
components and turbine operating curves are presented.

Finally, sensitivity analysis is performed for important system parameters like the permeability coefficient,
Kw and active area of the membrane, Am, and the results are analyzed.

1.6 Report Structure

The structure of this report is described here. In Chapter 2, first the fundamentals of reverse osmosis are
explained briefly with a schematic overview of a basic RO membrane system. Then, the working principle
of a Class | pressure exchanger energy recovery device used in the system is presented. A detailed
description on the DOT concept wind turbine, hydraulic drive train and the spear valve is followed to give
the reader an overview of the system. The design of the numerical model of wind powered freshwater
production system is shown in Chapter 3 with the governing equations and schematic representations of
system parameters. The algorithm used to solve the system of equations governing the model design is
explained in detail. A description of the numerical model for the operation of the RO system, boost pump
and pelton turbine is further discussed followed by the model for power consumption of the system. The



simulations for various scenarios, using the numerical model built, are performed in Chapter 4. First, the
model is simulated for operating the wind turbine at maximum power performance and the results are
presented. This is followed by simulation of the system for all wind speeds and nozzle positions within the
range of operation using the algorithm described in Chapter 3. Optimization of the system for maximum
electricity production and maximum water production for three locations namely Maasvlakte in the
Netherlands, Aruba north and Aruba south, is performed using separate algorithms and the corresponding
results are presented and analyzed in Chapter 5. In Chapter 6, sensitivity analysis of important desalination
parameters is performed and their effect on system performance is analyzed. Finally, conclusions and
recommendations for future research are drawn in Chapter 7.
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Figure 1. 2 Thesis report structure.



Chapter 2: Principle of Reverse Osmosis and DOT concept Turbine

The purpose of this chapter is to provide information about the fundamentals of reverse osmosis and the
energy recovery device. The working principles of DOT concept hydraulic drive train wind turbine are
discussed in this chapter. If the reader is already familiar with these topics, Chapter 2, or parts of it can be
skipped.

2.1 Fundamentals of RO:

Reverse osmosis is a membrane-based separation technique based on a semi-permeable membrane
where the solvent or water can pass through the membrane but dissolved matters, such as salts or
dissolved organic matter, are retained.

Applied Pressure @

Osmotic
Pressure

Semi-Permeable
Membrane

, Direction of
Contaminants Water Flow

Figure 2. 1 Principle of Reverse Osmosis.

A general schematic overview of the RO membrane separation process is shown in Figure 2.2 below.
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Figure 2. 2 Schematic showing the configuration of the RO membrane system [11].

Reverse osmosis occurs when a fairly high pressure is applied to the inlet feed flow (sea/brackish water)
to overcome the so called ‘osmotic pressure’. Typical values for the osmotic pressure, A, for seawater
having the concentration of salts between 28000-35000 ppm lie around 25 to 35 bars. For pressures
higher than the osmotic pressure, water is desalinated. Typical RO plants operate in the range from 65 to
80 bar feed pressures to optimally desalinate seawater. Most of the RO desalination plants utilize the
cross-flow technique using spiral wound membranes to avoid fouling at the membrane surface. This
technique creates sufficient turbulence in the flow to sweep away buildup of contaminants, thus keeping
the membrane surface clear.



The stream of feed seawater at high pressures flow through the semi-permeable membrane used in the
RO process. The membrane blocks the passage of most of the dissolved salts, bacteria, algies, suspended
solids, organic macro molecules and pyrogens and only allows fresh water to flow through it [11].
Dissolved ions like Na* and CI are rejected by the RO polymer filter whose pore sizes are smaller than 1
nanometer [11].

Raw feed water from the sea is pumped using a high-pressure hydraulic pump as feed onto the membrane
surface. If the pressure of the feed stream is above osmotic pressure, the RO module splits it into two
streams. The permeate (fresh ) stream at a low atmospheric pressure and the concentrate (reject) stream
at a higher pressure, close to feed pressure. The concentrate stream can be fed to either another stage of
desalination in order to further recover the permeate or as an input to an Isobaric Pressure Exchanger
(PX) ERD to recover the pressure energy.

Two driving forces are responsible for the transport through membranes: diffusion and pore flow. To
which extent one of the two driving forces is dominant depends on the membrane pore diameter [10].
For filtration techniques using membranes with larger pore diameter such as ultrafiltration and
microfiltration, pore flow transport is dominant. For nanofiltration, a combination of both diffusion and
pore flow play an important role in the transport of fluid medium through the membrane [26]. Transport
through reverse osmosis membranes is purely controlled by diffusion. This is mainly because of the lack
of open channels which could provide pore flow [12][13].

The transport of solution through the membrane for RO consists of 3 steps [14]:

(i) Absorption of feed onto the membrane surface
(ii) Diffusion through the membrane thickness
(iii) Desorption from the permeate-side surface of the membrane.

The Recovery ratio, of a RO membrane is defined as the ratio of permeate flow rate divided by feed flow
rate. It is the percent of feedwater which becomes fresh water and varies between 35% and 85% [9].
Recovery ratio depends on various factors like type of pre-treatment , temperature, salinity and
composition of feed water, system operating pressure and disposal of concentrate depending on the
location of the plant [15]. The performance of the RO membranes depends on mainly the type of its
configuration inside the pressure vessels: plate and frame configuration, hollow fiber configuration and
spiral wound configuration. Spiral wound configuration is the most efficient and cost effective. For
seawater reverse osmosis (SWRO), 30% to 50% of permeate water can be extracted from the feed water
[21]. The concentrate stream usually has around 98% to 99.8% of dissolved salts in it depending on the
salt rejection rate of the membrane. The salt rejection rate, R, indicates the quantity of salt rejected from
the feedwater stream by the RO membrane as a percentage. The term salt passage also describes the
guantity of salt which passes through the RO membrane into the permeate stream.

A study by Roy Smith [9] on the percentage of NaCl salt molecules passing through a membrane at
different concentration shows that for feed water at very low salinities, below 200 mg/L, the salt passage
is high. This causes the permeate stream to be saline. For feed water salinities between 200 mg/L and 400
mg/L, the salt passage decreases rapidly. Between 400 mg/L and 1500 mg/L of salinity in feed water, the
salt passage increases gradually again [9].

A Class | isobaric pressure exchanger (PX) energy recovery device named iSave, designed by Danfoss is
coupled in parallel to the RO system as shown in Figure 2.3 below. The class | ERD’s convert the hydraulic
pressure energy from the outlet concentrate stream directly into hydraulic energy.



In Reverse osmosis, the fresh water permeate is collected at near atmospheric pressure. The concentrate
brine stream exits the RO unit at high pressure (near inlet feed pressure) because the only loss in energy
is due to turbulence of the flow through the porous spacers [9]. This concentrate brine contains a large
fraction of the inlet pressure energy that can be recycled using an ERD. ERDs can make the reverse osmosis
systems substantially more efficient by redirecting the pressure recovered back to the feed high-pressure
pump. More than two thirds of the total cost in operating RO plants is the cost of energy consumption.
Currently, the energy requirement of state of the art SWRO plants is as low as 1.6 kWh/m3[16]. This is
because ERDs can reduce the specific energy consumption between 2-3 kWh/m?3[16].
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Figure 2. 3 Principle of Class | pressure exchanger energy recovery system.

The working principle of a Class | iSave ERD is explained below using Figure 2.4 [9]:

1 iSave

High P
Conce

Figure 2. 4 Working principle of an isobaric iSave ERD [17].
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The central part in Figure 2.4-1 represented by the grey cylinder is the rotor. The rotor rotates with the
help of an electric motor in the direction as indicated by the green arrow. The rotor consists of several
chambers which aid in energy transfer between high-pressure and low-pressure fluids through
continuously rotating chambers [28]. The rotational speed of the rotor depends on the flow rate of the
concentrate stream. The boost pump (sea water pump) provides the feed sea water at low pressure into
the rotor as seen at 1. This causes the low-pressure concentrate reject that was present in the chamber
to drain. The rotation of the rotor causes the chamber to be filled completely with low-pressure feed sea
water as seen at 2. The hydraulic energy of the high-pressure concentrate stream is transferred to the
feed water at 3. This converts the low-pressure feed stream to a high-pressure feed stream to be fed into
the RO membranes. The feed water is now pushed out of the chamber at 4 and the chamber contains low
pressure brine water and thus the cycle repeats. The efficiency of the PX ERD remains constant at all the
flow rates within its operating range [16].

2.2 Delft Offshore Turbine (DOT)

Delft Offshore Turbine B.V. (DOT B.V.) is a private company under De Oude Bibliotheek (DOB-Academy).
The main focus of the company is the development of hydraulic drive train for offshore wind
development. The DOT500 is a redesign of a Vestas V44 where the drive train has been replaced by a
hydraulic transmission line. Fluid transmission is already a mature technology and has been used to
transport energy in multiple sectors. A schematic overview of the DOT turbine principle is shown in Figure

2.5 below.
> Hydraulic pump

-

A5 =
— —
] l High pressure line
Low pressure line | T

Figure 2. 5 A schematic overview of DOT500 wind driven Reverse osmosis system with a Pelton turbine.

3

The turbine has a rated power of 500kW and a rotor diameter of 44 meters. The coefficient of power, C,
and coefficient of torque, C. of the DOT500 hydraulic drive train wind turbine are plotted in Figure 2.6 as
a function of tip speed ratio.



0.5
0.07 4
- 0.4
— 0.06 1 L
H aQ
© ]
c 0.05 1 c
@ r03 g
5] Q
= 9
£ 0.04 i
7] Y—
9 S
o 0.2
o 0.034 -
g_ ]
S 0.02 A %
= Lol S
0.01 4
0.00 1— : : 0.0

0.0 2.5 5.0 75 100 125 150 175 200
Tip speed ratio [-]

Figure 2. 6 C, — A (red) and C. - A (blue) curve of DOT500.

The tip speed ratio, A is defined as the ratio between the speed at the blade tip and the incoming wind
speed. These curves determine the performance of the rotor. As seen in Figure 2.6, at a tip speed ratio of
0, the rotor does not rotate and hence no power is extracted from the wind. Therefore, C, becomes 0. At
a tip speed ratio of 18.75, the blades spin too fast and hence the blurring blades appear like a solid wall
to the wind. The blades spin through turbulent wind and hence there is no mass transport through the
rotor. Thus, no energy is extracted from the moving wind and C, becomes 0. The maximum coefficient of
torque, Cemax is 0.0692 at a tip speed ratio of 5.5. The maximum power is extracted at the optimal tip
speed ratio, Aqpt equal to 8.6 and the corresponding value for coefficient of power, Cpmax is 0.462.

A schematic overview of the DOT concept hydraulic drive train wind turbine in combination with a reverse
osmosis unit coupled to an ERD and a pelton turbine with a spear valve as a nozzle is shown in figure 2.7
below:

—)% Turbine

0,

Figure 2. 7 Overview of a hydraulic drive train coupled to RO & nozzle.
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A hydraulic drive train wind turbine consists of a positive displacement pump in the nacelle, replacing the
traditional generator. The main control principle of such a drive train is to control the speed of the rotor
to extract power from the wind as efficiently as possible. The wind speed is an environmental parameter,
has high temporal variation and cannot be influenced. It determines the torque on the rotor. Hence, the
rotational speed of the rotor shaft is also varying if no adaptive counter torque is produced. However, the
rotor rotational speed can be regulated below rated wind speeds by applying a counter torque. The
hydraulic pump acts as a counter torque to control the wind turbine by controlling the pressure in the
high-pressure line via opening and closing of the spear valve. The spear valve works as a resistance. Thus,
the torque of the pump can be controlled. The hydraulic energy produced by the positive displacement
pump can be converted back into mechanical energy using a pelton turbine. A generator can be coupled
to a pelton turbine to convert this mechanical energy into electrical power. In addition, a valve is used
between the high-pressure pump and the RO module in order to switch the flow to the RO module on and
off.

The spear valve used as a nozzle in the DOT system is depicted in figure 2.8 below:

Figure 2. 8 Schematic representation of the cross section of a spear valve [19] .

where a is the coning angle of the spear which is 50, Dy, is the diameter of the nozzle, that is 38 mm, and
s is the position of the tip of the spear in the nozzle. The effective outlet area of the nozzle A.; is adjustable
by the nozzle position s.

The combination of using a RO unit for desalination and a pelton turbine via a spear valve to generate
electricity will be the focus of this thesis. The spear valve thus can be used to both produce electricity, by
impinging the high-pressure flow via a valve on a pelton turbine, and as a means to control the turbine
rotational speed and the pressure in the pipeline to the RO module.
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Chapter 3: Numerical model of DOT system

In this Chapter, the numerical model of a wind powered SWRO desalination system is designed based on
the components used in Figure 1.1. For the transmission system in the nacelle, the low speed shaft of the
DOT500 rotor connects to a gearbox with a reduction factor, G of 52.5. The high-speed shaft coming out
on the other side of the gearbox is connected to the Kamat Pump. The pump has a volumetric
displacement of 1.61 [L/rev.]. The pump has a volumetric efficiency of 93% and a mechanical efficiency of
90%.

The Kamat high-pressure pump (HPP) is connected to a RO unit consisting of 6 pressure vessels with 6
membranes each, on one side, and to a pelton turbine generator via a spear valve on the other side
parallelly. An Isobaric pressure exchanger ERD is connected in parallel to the RO unit to conserve the
energy from the high pressure concentrate high saline stream which otherwise would be lost. The main
boost pump feeds the required sea water at low pressure to both the high-pressure pump and the inlet
of the ERD.

The flow diagram of the system is shown below in Figure 3.1.
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Figure 3. 1 Flow chart of wind powered freshwater production system

The input energy source to the system is the wind at speed U [m/s]. The DOT500 turbine converts this
wind energy into rotational speed, w, and torque, t, of the low speed shaft.

3.1 Model Steady state Equations
The equations used to build a numerical model of the system and simulate at different conditions are
explained briefly below.

12



The ratio between the speed of the tip of the rotor blade and the wind speed, U is called tip speed ratio.
It is defined as:

A=—L (3.1)

where w; is the angular velocity or angular rotational speed of the wind turbine [rad/s] and R is the radius
of the turbine rotor swept area and is equal to 22 meters for the DOT500 turbine.

From Equation 3.1, the rotational speed of the low speed shaft, w: is given by Equation 3.2:

AU
wr= Rrotor (32)
The torque on the low speed shaft, ¢ is defined by Equation (3.3) below:
¢ = Ce 3 Par. T RS U2 (3.3)

where C¢ is the coefficient of torque, pair is the density of air and is assumed to be a constant of 1.225
[kg/m?].

The torque-rotational speed characteristics of the DOT500 turbine are plotted from the cut-in wind speed,
3 m/s to the rated wind speed, 12m/s in Figure 3.2 below.
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Figure 3. 2 Torque-Rotor speed characteristic of DOT500.

For every wind speed, U, the A and C; values from the blue curve in Figure 2.6 are used to obtain the
respective rotational speed, wr(U) and torque, tr(U) using Equations 3.2 and 3.3 respectively.

The power harnessed by the wind turbine is thus a product of aerodynamic torque and aerodynamic
angular rotational speed of the low speed shaft.

The gearbox increases the rotational speed of the high-speed shaft by a ratio, G. The high-speed shaft
rotational speed, wnpee then becomes:
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Whpep = Wy G (34)

The torque on the high-speed shaft, tupp is reduced by the gearbox ratio G as shown in Equation 3.5 below:

CHpp = CG_T Ngearbox (35)

where Ngearbox is the mechanical efficiency of the gearbox.

The high-speed shaft is coupled to the shaft of the high-pressure pump. The torque on the high-speed
shaft, cuep is translated into pressure of the feed medium (seawater) delivered by the high-pressure pump
and is defined by the Equation 3.6 below:

ApHPP _ CHPP * Nmech,HPP (3.6)

Vupp

where Vypp is the volumetric displacement of the pump and is an internal property of the pump in L/rev.
Nmech,1pe iS the mechanical efficiency of the high-pressure hydraulic pump.

The high-pressure pump flow rate [m3/s] is expressed as a function of rotational speed in Equation 3.7:

Qure = WHep * VHPP * NvolHPP (3.7)
where nyol,ner is the volumetric efficiency of the HPP.

The high-pressure pump torque, tupe and the rotor speed, w; are related as follows:

_ Qupp - Apupp (3.8)
Wy

ChHpp

The pressure difference over the high-pressure pump is assumed to be equal to the discharge pressure
on the output side of the pump i.e. feed flow. This assumption is made because the inlet pressure of feed
seawater from the boost pump to high-pressure pump is substantially lower than the discharge pressure.
The positive displacement pump is a fixed volume pump and creates a certain flow at certain rotational
speed independent of the pressure it operates at.

The division of the flow from the high-pressure hydraulic pump is shown in Figure 3.3 below:
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Figure 3. 3 Schematic representation of the flows and pressures from HPP.

The flow from the high-pressure pump, is divided into two streams. Qs nep represents the high-pressure
pump feed flow to the reverse osmosis membranes and Q. represents the input stream to the pelton
turbine via the nozzle. The pressure of the fluid medium at all the three stream is equal and is controlled
by the position of the spear.

Apupe = Pnz = PrO =P (3.9)

where Apypr is defined in Equation 3.6, pn.is the pressure at the spear valve which is a consequence of the
position of the nozzle and pro is the pressure on the feed side of the RO system.

The DOT uses a spear valve as a nozzle to control the pressure. The pressure - flow relation through a
spear valve is given by the Equation 3.10 below [19]:

Qn; = Mﬂ ' Cd' Anz(s) (310)
\l Pwater

where Apn; is the pressure drop across the nozzle, pwater is the density of water, Cq is the coefficient of
discharge and is assumed to be 1, An,(s) is the effective area of the nozzle which depends on the position
of the nozzle, s. The term Ap,, can be written as the pressure at the pump side of the nozzle by assuming
the pressure at the outlet of the nozzle to be atmospheric.

Figure 2.8 shows the cross section of the spear valve used as a nozzle in the DOT system. The effective
area of the nozzle is given by Equation (3.11) below [9]:

Ang(s) = gomz - [(s-tang )2 1] (3.11)

The range of nozzle position, s varies from 0 mm representing the nozzle to be fully open, the effective
nozzle area is maximum, to s equal to 40.745mm representing the nozzle to be fully closed, A, is 0.

Opening the spear valve results in an increase in the effective nozzle area thus a decrease in pressure.
Similarly, closing the spear valve results in the decrease in the effective nozzle area, thus increase in
pressure.
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Figure 3.4 below shows a schematic representation of the DOT500 system coupled to a RO module with
an ERD in parallel and a pelton turbine via the nozzle.
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Figure 3. 4 Schematic representation of wind powered RO system with an ERD and Pelton turbine.

The total feed flow of sea water to the reverse osmosis module is made up of two flows as seen in the
Figure 3.4 above. Qs wpp is the pressurized flow coming directly from the high-pressure pump. The second
flow, Qserp is the one coming from the ERD.

Qs = Qs wre + Qf, erD (3.12)

The operational losses in the ERD system are volumetric mixing (VM) and Leakage (L) [9]. The transfer of
energy from the concentrate stream to the feed seawater stream occurs without a physical barrier. This
leads to some amount of mixing of concentrate stream into the seawater stream known as volumetric
mixing. To account for the volumetric mixing, excess seawater has to be supplied to clear the chambers
of the rotary cylinder of the ERD. This is known as overflush (OF). Leakage is a loss which occurs at the
seals of the isobaric chambers within the ERD [27].

These operational losses are accounted for in the model by increasing the flow rate of the feed from the
boost pump to the ERD, Qg pero proportionally. Thus, the flow rate of the outgoing pressurized feed flow
from the ERD to the RO is less than the low-pressure feed flow Qg,perp by a factor of (OF - L).

Several assumptions are made while constructing a numerical model of the reverse osmosis desalination
system. Firstly, the seawater fluid medium is assumed to be incompressible. Thus, the density of seawater
remains constant throughout the system. The height of the entire system is considered to be negligible,
so that the change in potential energy of the liquid at any point in the system is 0. There is no effect on
the density of the fluid medium due to changing salinity in the feed. The friction losses due to the
resistance of any valve or pipeline in the system is assumed to be negligible.
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To calculate the pressure-flow relation on the RO side of the DOT system several parameters are defined
below.

The water flux through the RO membrane, Ju [%], can be expressed as a function of permeability
coefficient Ky, and net driving pressure as given by Robert Bergman [22]:

Qp' P (313)

Am

where Anm is the osmotic pressure difference defined in Equation (3.14) below, Ap is the hydrostatic
pressure difference over the membrane and Q, is the flow rate of permeate stream. The term (Ap - Ant) is
defined as the net driving pressure and is the actual driving pressure available to force the water through
the membrane for salt separation. An, is the membrane area.

Jw=(Ap- An)-Ky =

Ant=Ce-R-T (3.14)
Cer is the effective average concentration at the surface of the membrane in ppm, R is the gas constant
equivalent to the Boltzmann constant and is equal to 8.314 [J/mol] and T is the temperature in Kelvin. The
osmotic pressure, Am can be expressed as a function of the salinity of the solution. Sea water with a salt
concentration of around 32000ppm and Temperature of 25 C has an osmotic pressure of approximately
30 bar. The feed water has to be fed into the RO system at an applied pressure greater than the osmotic
pressure of the feed: pappiied > Posmotic for the water to be pushed in the right direction through the RO
membranes to produce filtered water. The osmotic pressure is dependent on temperature[18].

According to Bartman et al. [20], the expression for pressure on the RO side of the system can be obtained
by first calculating the permeate flow. This is obtained by using the water flux through the membrane
term in Equation 3.13. It is assumed that the pressure of the concentrate flow is equal to the pressure of
the feed stream. Therefore Ap is equal to pro.

(3.15)

The pressure on the RO side of the membrane can be obtained by substituting Q, equal to Qsnep in
Equation 3.15. This is also by assuming the leakage, L is negligible. The outcome of the model of the ERD
circuit and a complete derivation of the same can be found in the study performed by Roy Smith [9].

Pro = z‘;a;;; - Qs upep + AT (3.16)
Equation 3.16 can be rearranged to define the feed flow from the HPP to the RO unit:
Am Kw
Qs, vep = (pro - Am) o (3.17)

It can be observed in Figure 3.3, that the flow from the high-pressure pump, Quer is equal to the
summation of flow to the pelton turbine, Q,; and high-pressure pump feed flow to the RO system, Qg ep.
This is according to the conservation of mass and is defined in the Equation 3.18 below:

Qupe = Qnz + Qg e (3.18)
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Substituting Qn; and Qs nep from Equations 3.10 and 3.17 in Equation 3.18 leads to:

2-A nz Am'Kw
Qupe = fﬁ Ca+ Any(s) + (pro - Ar) - o (3.19)

-Cq4 and A’Zﬂ are constants and can be replaced by K; and K; respectively.

Pwater w

2

here

Since the pressure of the fluid medium is equal at all 3 nodes as p as described in Equation 3.9, Equation
3.19 becomes:

Quer = /P - Anc(s) - Ka+ (p - AT) - Ko (3.20)

This gives us a relation between the rotational speed on the high-speed shaft of the hydraulic drive train
and the pressure in the system as a consequence of nozzle position, s.

For pressures below osmotic pressure, the RO valve is closed. This results in the flow from the high-
pressure pump to completely flow towards the pelton turbine generator via the nozzle. Hence the high-
pressure pump feed flow to the RO system, Qsupe is 0. For the model with the RO valve closed at low
operating pressures in the system, Equation 3.20 becomes:

Quer = /P Ane(s) - Ka (3.21)

For any given wind speed and any given nozzle position, the pressure in the system can be solved using
Equations 3.20 and 3.21. This is discussed in further detail in the algorithm for solving flows below.

3.2 Algorithm for solving flows:

To solve the system of flow rate equations, an algorithm is coded in Python. This solves for the pressure
in the system at any given wind speed, U and for any given nozzle position, s. The working principles of
the algorithm are illustrated by figure 3.5 below. When going through the steps of the algorithm below,
elements of the figure below will be further explained, and it will become clear how the figure visualizes
the solution strategy.
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Figure 3. 5 Pressure — Flow relation of DOT500 at different wind speeds and nozzle positions.

From the input wind speed, the aerodynamic rotational speed at that particular wind speed is
calculated by using Equation 3.2, for the range of tip speed ratios between 0 and 18, where the
wind speed can produce power.

The aerodynamic torque is calculated at the input wind speed using Equation 3.3 and tabulated
values of C. as shown graphically in figure 2.6. This is again done for tip speed ratios between 0
and 18.

The aerodynamic rotational speed is translated into flow of the high-pressure pump using
Equation 3.7.

The aerodynamic torque is translated into pressure of the high-pressure pump using Equation 3.6.
The result of step 3 and step 4 is visualized in Figure 3.5, as the grey line for a particular wind
speed. This represents the rotor characteristic in terms of a pressure-flow relation at the high-
pressure pump.

The high-pressure pump flow and pressure values are split into 2 vectors each, based on the
maximum value situated at the peak of the pressure-flow relation of individual wind speeds.

For the input nozzle position, s the corresponding effective area of the nozzle, A.; is calculated
using Equation 3.11.

The pressure values calculated in step 4 are input into Equation 3.21 for pressures below osmotic
pressure and Equation 3.20 for pressures above osmotic pressure. The result of this step for nozzle
positions at equal intervals of 4.55mm within its operating range is shown by the colored lines in
figure 3.5.

For a given wind speed and nozzle position, the operation of the system will be at the equilibrium
point of intersection of the two lines obtained in step 4 and step 7.
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9. Newton Raphson method is used to find the intersection point by finding the root of the non-
linear function defined in equation 3.20 for pressures above osmotic pressure and equation 3.21
for pressures below osmotic pressure. This method solves iteratively using both the function and
the derivative of the function by making an initial guess of the root.

10. The search for an intersection between the curves obtained in step 4 and 7 is divided to the left
and to the right of the peak of the rotor characteristics graph in Figure 3.5. This is because the
Newton-Raphson method uses the derivative of the function to find the root.

11. If the operation of the system falls at an equilibrium point between the data points determined
by the tabulated values of C.- A, linear interpolation is used.

12. The corresponding value of Q.. for pressures below osmotic pressure and Qn, and Qsupe for
pressures above osmotic pressure are calculated using equations 3.10 and 3.17 using the pressure
solution at the high-pressure pump.

Electricity is generated by impinging the high-pressure flow through the nozzle into a pelton turbine
wheel. A generator is coupled to the turbine wheel shaft to generate electricity. The turbine extracts
energy from the impulse of high-pressure water. The jet water from the nozzle strikes the vanes (buckets)
of the pelton wheel. This causes the runner to rotate at high speeds. The rotational speed of the pelton
wheel, wpeiton [rad/s] as a function of the flow rate through the nozzle, Q., is given in the Equation 3.22
below:

Qnz Mvol Pelt
Wpelton = — 2ot (3.22)
Vpelton

where nyolreiton is the volumetric efficiency of the pelton turbine and is assumed to be 97% and Vpeiton is
the volumetric displacement of the pelton motor in [m3/rev]. The pelton motor used in the DOT system
has a volumetric displacement of 2.25 - 10 [m3/ rev.] or 3.58 - 10° [m3/ rad].

The torque (N-m) generated in the pelton wheel shaft is given by Equation 3.23:

Cpelton = VPeIton 'pnz : r]mech,PeIton (323)

where pn; is the pressure generated due to the flow through the nozzle and is a function of nozzle position
and Nmech retton is the mechanical efficiency of the pelton turbine and is assumed to be 97% for all operating
ranges.

The generator coupled to the shaft of the turbine runner wheel converts the mechanical (rotational)
energy of the shaft into electrical energy. The power generated by the generator in kW is given by:

Prelton = Tpelton * Weeiton (324)

The reverse osmosis system consists of multiple pressure vessels in a parallel configuration and multiple
membranes inside each vessel in a series configuration. For the steady state, the RO system is modeled
as one single unit.

The total feed to the RO system, Qs is the summation of the flow coming directly from the high-pressure
pump , Q¢upe and the pressurized flow coming from the ERD, Qg erp as defined in Equation 3.12. The feed
flow to the RO coming from the ERD, Qserp is equal to the concentrate flow rate from just the high-
pressure pump feed, Qs wep. Thus, Equation 3.12 becomes:
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Qs = Qrree + (1= V) - Qsper (3.25)

where vy is the recovery rate of the RO system. The term (1 — y) - Qsnep is the input of pressurized
concentrate feed to the ERD.

The total permeate flow rate, Q, is the recovery rate, y times total feed flow to the RO system, Qs and is
defined in Equation 3.26 below:

Qo= v+ O (3.26)

The maximum permeate that can be produced by entire RO system, Qp, max is defined below:

(3.27)

Qp, max = Q p, mem, max * Nmem * Nvessel

where nNmem is the number of membranes per pressure vessel, Nyessel is the number of vessels in the RO
system and Qp, mem, max iS the maximum permeate that can be produced by a single membrane. The main
reason for using multiple membranes inside each vessel is to increase the recovery rate of permeate from
the feed seawater. The maximum operating pressure of the entire RO system is limited by the maximum
allowable applied pressure of a single membrane.

The flow rate of the boost pump, Quoost is defined Equation 3.28 below:

3.28
Quoost = Qrpe + Qf, Lp, ERD ( )

where Qupr is the flow rate of the high-pressure pump and Qg ip, ero is the low-pressure feed flow from the
boost pump to the ERD and can be written in terms of high-pressure pump feed to the RO, Qs npr and
recovery rate as in Equation 3.29 for simplification. The losses within the ERD are taken into account.

Qboost = QHPP + (Qf'HPP ' (1 — V)) (329)
NERD

where nero can be defined as the total efficiency of the ERD system and is given by the Equation below:

Nero = (1 —OF) - (1-1L) (3.30)
OF is the overflush and L is the leakage within the ERD.

3.3 Power consumption model
The main objective of this model is to calculate the power consumed by the system per cubic meter of
seawater pumped into the system and per cubic meter of permeate produced.

Power consumed in kW per cubic meter of seawater pumped into the system at a given wind speed U, is
given by Equation 3.31:

Ptotai(U) (331)

Qtotal(U)
where Piotai(U) is the total power consumed at wind speed, U by the entire system including the ERD, the

boost pump and the sensors used. The power consumed by the ERD is the power of the boost pump

Pm3(U) =
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feeding seawater to the ERD and the power required to rotate the ERD rotor. The power required to rotate
the rotor is independent of the pressure difference between low-pressure feed seawater and high-
pressure concentrate stream. The exact relation between the rotational speed and power consumed is
not known from the datasheet and hence it is assumed to be constant at its rated power. Hence, Piotal is
given by the Equation 3.32 below:

3.32
PtotaI(U) = PERD(U) + Pboost(U)+ Psensor ( )

The power consumed in kW by the boost pump per cubic meter of seawater pumped at wind speed, U is
defined by Equation 3.33 below:

Qupp(U) - Appoost(U)

Nmech,boost * Mvol,boost

Pboost(U) =

(3.33)

where Qupe (U) is the flow rate from the boost to the high-pressure pump at wind speed U, Nmech boost is the
mechanical efficiency and nvol boost is the volumetric efficiency of the boost pump. Apweost(U) is the pressure
difference between the inlet and the outlet feed in the boost pump at wind speed U and is defined in
Equation 3.34 below:

Apboost(u) = pf,boost(U) — Patm (334)

where pepoost is the pressure of the seawater pumped by the boost pump from the ocean to high-pressure
pump and low-pressure feed inlet of the ERD. pspoost is assumed to be a constant 7 bar at all wind speeds.
patm is the atmospheric pressure on the inlet side of the boost pump and is assumed to be 1 bar.
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Chapter 4: Simulation of Wind powered Reverse Osmosis system
Using the equations and algorithm defined in Chapter 3, simulations are performed for different scenarios
and the results are analyzed in this chapter.

4.1 Simulation of the model for maximum turbine power

First a simulation is performed for the model shown in Figure 1.1 for the control of the DOT500 turbine
for maximum turbine power between cut-in wind speed, Ucut-in and rated wind speed, Urated. This maximum
power point tracking control curve, Koot shown in figure 4.1 below (blue curve) allows the wind turbine to
extract as much power as possible for every wind speed below Urated.
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8 m/s
50000 - L m/s
m/s
m
m,
O T T T T T T T T
4] 1 2 3 4 5 6 7 8
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Figure 4. 1 Torque- Rotational speed behavior of the DOT500 turbine with K,p: curve (blue).

Kopt is defined in the Equation 4.1 below:

1 C
Kops = 39 TR (222 (@.1)
op

where Cpmax is the maximum power coefficient and it is a characteristic of the wind turbine and Ao is the
tip speed ratio at the maximum power coefficient.

The power coefficient, C, and the torque coefficient, Cc curves at different tip speed ratios for the DOT500
hydraulic drive train wind turbine are plotted in Figure 2.6. To realize the analysis of a wind turbine for
required operation at a specific tip speed ratio, the rotor performance in terms of C, and C:. over all
expected tip speed ratios needs to be plotted. These curves determine the performance of the rotor. The
maximum power is extracted at Aoy equal to 8.6 and the corresponding Cp max value is 0.462.

At every wind speed, the optimum rotational speed, wop: for maximum power extraction becomes:

(4.2)

The torque is directly proportional to the square of the rotational speed and is defined by the parabolic
equation below:
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Copt = Kopt . woptz (43)

At every wind speed, the torque and rotational speed points lie on the blue curve in Figure 4.1. Hence it
is assumed that the high-pressure pump delivers the corresponding flow and pressure at every wind
speed. At any point in the operation of this system, if the RO membrane limits are exceeded, the RO valve
is closed to prevent damage to the RO unit. The behavior of the DOT desalination system with a pelton
turbine is simulated and the results are shown below.

For the simulation several system parameters are kept constant and are shown in Table 4.1 below:

Table 4. 1: System parameters and constants used for modeling.

System Parameter Value / Type
Membrane used LG SW440R
Active area of the membrane, Anem 41 m?
Maximum allowable membrane pressure, Pmem max 82.7 bar
Maximum permeate production per membrane, 37 m3/ day
Qp,max
Number of membranes per pressure vessel, Nmem 6
Number of pressure vessels, Nyessel 6
Recovery rate, y 42%
Permeability coefficient, Ky, 4.166 - 10° s/m
Concentration of feed seawater, Creeq 32000 mg/L
Volumetric displacement of HPP, Vypp 1.61L /rev.
Nominal pressure of HPP, pnom,nep 160 bar
Spear valve nozzle diameter, Dn, 38mm
Coefficient of discharge of nozzle, Cq 1
Volumetric displacement of Pelton, Vpeiton 2.25-10%m3/ rev.
Nominal pressure of Pelton turbine, pnom,peiton 160 bar
ERD used Danfoss iSave 40
Volumetric displacement of ERD, Verp 626 - 10 m3/rev.
Maximum rotational speed of ERD, Wmax, erp 1200 rpm
Flow rate range of ERD, Q, ip, erp 21-41m?/h
Leakage coefficient, L 0.01
Overflush coefficient, OF 0.01
Density of air, Pair 1.225 kg/m3
Density of water, Pwater 1025 kg/ m?3
Temperature of feed water, T 25C
Volumetric efficiency of HPP, ny, nep 95 %
Mechanical efficiency of HPP, Nm, nep 80%
Volumetric efficiency of Pelton, ny, reiton 97%
Mechanical efficiency of Pelton, Nm, reiton 95%
Gearbox efficiency, Ngearbox 95%
Generator efficiency, Ngenerator 95%
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For the steady state model calculations, the membrane permeability coefficient, K, is assumed to be a
constant. In reality, since the system operates at varying pressures, concentrations and temperatures, the
value of K,, varies over time. Its value mainly depends on the thickness of the membrane, its pore size,
shape and porosity. Generally, K, is obtained experimentally, since it is influenced by the type of
membrane used.

The position of the spear valve used as a mechanism to control the pressure is shown in Figure 4.2 below.
The red curve indicates the spear position at different wind speeds below rated wind speed and the blue
curve indicates the pressure in the system as a result of the resistance created by the nozzle at that
particular spear position s.

Spear position Open to Close [mm)]
=1 ]
System pressure [bar]

4 (]

&8
Wind speed [m/s]
Figure 4. 2 Spear position at different wind speeds and corresponding pressure.

As seen in the blue curve, at pressures below osmotic pressure (34 bar), the position of the nozzle
indicated by the red curve remains constant. The flow rate of water through the RO valve is directly
proportional to the pressure above osmotic pressure. Once the osmotic pressure is reached, the nozzle
moves slightly towards the close position. This is due to the opening of the RO valve for water production.
The nozzle needs to move slightly towards close position to reduce the effective area, to keep the pressure
at the desired level. At 11.6 m/s, the pressure limit of the RO membranes is reached, and the control
strategy is to close the RO valve. This is done to maintain operation on the Kot curve. This results in the
position of the spear valve to jump back to its original position of operation for wind speeds below which
osmotic pressure is reached.

The flow rates of the high-pressure pump, feed stream to the RO membranes and flow through a nozzle
are plotted for each wind speed in Figure 4.3.
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Figure 4. 3 Flow rates at different wind speeds.

The red line indicates the flow through the high-pressure pump. The pump flow rate exhibits linear
behavior because positive displacement pumps are constant volume pumps. These pumps provide a
constant flow at fixed speeds. A positive displacement pump makes a fluid move by trapping a fixed
volume of fluid and displacing the trapped volume into the discharge pipe. Therefore, as the wind speed
increases, the rotational speed of the rotor and consequently the high-speed shaft increases linearly
according to Equation 4.2, and hence the volume displaced from the pump increases linearly.

The blue curve indicates the high-pressure pump feed flow, Q¢upe to the RO membrane system. Up to a
wind speed of 7.5 m/s there is no flow to the RO because the pressure produced by the high-pressure
pump is lower than the osmotic pressure and hence the separation of salts from the feed seawater is not
possible. If the feed water is forced through the RO membranes at pressures lower than the osmotic
pressure, osmosis will occur and thus the permeate will be consumed. Above osmotic pressure, i.e. above
7.5 m/s the flow to the RO varies according to Equation 3.17. At pressures above the membrane limit at
11.6 m/s, the flow from the high-pressure pump to the RO is cut off to prevent damage to the membranes,
as seen in the figure above. All the flow from the high-pressure pump is directed towards the pelton
turbine represented by the green curve.

The boost pump pumps the feed seawater at low pressure to both the high-pressure pump and the ERD
low pressure feed inlet. The behavior of the boost pump is shown in Figure 4.4 below.
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Figure 4. 4 Behavior of the boost pump.

The blue curve represents the flow rate of the boost pump. At pressures lower than the osmotic pressure,
all the flow pumped by the boost pump is directed towards the high-pressure pump represented by the
red curve. Hence, both the blue and green curves overlap. The RO system does not operate at these lower
pressures and as a consequence the ERD also remains non-operational. Hence, the input flow to the ERD
is 0 as seen in the green curve. The linear behavior of the high-pressure pump as seen in Figure 4.3 is
exhibited by the red high-pressure pump curve. At pressures above the osmotic pressure, the feed is
permitted to the ERD and thus the increase in flow rates is seen at both the ERD flow curve and the boost
flow curve. When the pressure and/or flow limits of the RO membrane are exceeded, the control strategy

causes the closing of the RO valve . This behavior is visible at 11.6 m/s where the ERD flow to the RO input
drops to 0.

At every wind speed, water production and electricity generation is plotted in Figure 4.5 if the hydraulic
drive train wind turbine follows the Koy control curve.
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Water production vs Electricity production
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Figure 4. 5 Water production [m3/s] and electricity generation [kW] vs Wind speed [m/s].
The red curve indicates the flow rate of permeate produced as an output of reverse osmosis operation.

The electricity generated by the turbine is represented by the blue curve. At 7.5 m/s when the valve for
RO is opened, there is a slight drop in the production of power, due to the diversion of water from high-
pressure pump side to the RO side. This causes the slope of the curve at this point to decrease. An increase

in the power generation is seen at 11.6 m/s indicating the closing of RO valve due to exceedance of RO
system limits.

For the calculation of system power consumption, the assumptions made are shown in Table 4.2 below:

Table 4. 2: Assumptions made for calculation of system power consumption.

System Parameter Value / number
Power consumed by each sensor, Psensor 55W
Number of pressure sensors, np 5
Number of flow sensors, nq 4
Number of temperature sensors, nr 2
Number of concentration sensors, n¢ 2

A plot of power generated by the pelton turbine, power consumed by the entire system and power
delivered to the grid is plotted for every wind speed in Figure 4.6:
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Power calculations of the DOT system
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Figure 4. 6 Power generation and consumption at different wind speeds for Kopt.

For the turbine operating on the Kqp: curve, for a wide range of wind speeds, the power generated by the
system shown in green is greater than power consumed by the system. At higher wind speeds, the system
generates much more power than it consumes. This excess power shown in blue, can either be delivered
to the grid or stored in batteries to make the system fully autonomous. This is possible if the total system
consumption is managed in a way that the power generated at any given time plus the power stored in
the batteries is always greater than the total power consumed by the entire system at any given time. No
external supply from the grid is required even at wind speeds near cut-in wind speed because the power
generated is equal to the power consumed by the entire system. It can be concluded that if the turbine
operates on the Kopt curve, it is possible to operate this wind powered reverse osmosis system in an
islanded mode.

4.2 Simulation of the model for different operating conditions

For the solved model using the Algorithm, various parameters of the DOT system are plotted against all
the nozzle positions from ‘Fully-open’ position where the position of the nozzle, s is 0 mm to ‘Fully-close’
position where the position of the nozzle, s is 40.745 mm for wind speeds between Ucut-in and Urated.

The pressure in the system at all nozzle positions is shown in Figure 4.7 below:

29



1ef
— 3mis
4m/s
Smiz
— Gmis

amis
10m/s

1imls

08 12mis /

System Pressure [N/m2]

0.000 Qo005 oo10 0018 ozo oo0zs 0030 0035 Qo040

Nozzle position [m]
Figure 4. 7 System pressure at all nozzle positions for different wind speed conditions.

The bottom curve represents the cut-in wind speed, 3 m/s and the top blue curve represents the rated
wind speed, 12 m/s. From the Figure above, it can be observed that as the nozzle moves from the position
of fully open, s equal to 0 mm towards closing position, the pressure in the system is increasing. The
system pressure is low for s equal to 0 mm, because at a given wind speed for an open nozzle position,
the nozzle curve, shown in Figure 3.5, intersects at a lower torque in the torque-rotational
speed/pressure-flow curve for that given wind speed. As the position of the nozzle is moved towards
closing position, the intersection of the nozzle curve occurs at a higher torque resulting in a higher
pressure in the system.

A sudden drop in the pressure is seen for every wind speed after a certain nozzle position. This is because
for nozzle positions above 36.5 mm, the nozzle curve intersects with the pressure-flow curve at a lower
torque or the system operates at very low tip speed ratios. This region can be considered as an ‘unstable’
operating region and needs to be avoided during system operation to avoid a sudden drop in pressure
and consequently the closure of the RO valve. This also leads to a drop in the torque generated by the
pelton turbine and ultimately a loss of power generated. It can be concluded that the production of water
for all wind speeds occurs above a horizontal line which represents the osmotic pressure at 34.28 bar (not
seen in the Figure). As the wind speed increases, to produce the same volume of water, the system can
be operated at further open nozzle positions, hence avoiding the unstable region. Therefore, the
operation of the system at low rotational speeds can be avoided. For higher wind speeds, up to a nozzle
position of 36.5 mm, the production of water can start much more on the left stable region.

Even though it is recommended to operate the SWRO unit at constant high pressures (60 - 70 bar), the
pressure in the system should not be too high to avoid damaging the membranes. Therefore, the DOT
system should be operated by keeping the spear valve open at all wind speeds to maintain operation
further away from the unstable region.

The flow rate of seawater from the high-pressure pump, Quee at all nozzle positions for different wind
speeds is shown in Figure 4.8 below:
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Figure 4. 8 HPP flow at all nozzle positions for different wind speed conditions.

The flow rate of feed seawater from the high-pressure pump is directly proportional to the rotational
speed of the high-speed shaft of the hydraulic drive train of the DOT500 wind turbine according to
Equation 3.7.The higher the rotational speed, the higher the flow rate of water from the high-pressure
pump towards either the spear valve or the RO unit depending on the desired mode of operation. Figure
3.5 shows that at a fully-open nozzle position, i.e. at s equal to 0 mm, the intersection of the nozzle curve
occurs at the maximum rotational speed. This translates to maximum high-pressure pump flow at a fixed
wind speed for fully-open nozzle position. As the position of the nozzle moves from fully-open towards
close, up to the nozzle position, s equal to 37.5 mm, the intersection of nozzle curve with the pressure-
flow curve at a particular wind speed occurs at decreasing rotational speed. This explains the decreasing
flow caused due to the closing of the spear valve.

For nozzle positions, 37.5 mm <'s <40.745 mm (Fully-close), the nozzle curves tend to have a higher slope
and intersect at low rotational speeds on the bottom left corner of Figure 3.5. The wind turbine at this
region is operating at low tip speed ratios and hence the high-pressure pump flow drops. This region is
the ‘unstable’ region that was discussed before.

The feed flow to the RO from the high-pressure pump, Qsuee at all nozzle positions for different wind
speeds is shown in Figure 4.9 below:
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Figure 4. 9 RO flows at all nozzle positions for different wind speed conditions.

Osmotic pressure is reached at a wind speed of 6.54 m/s. For the DOT500 turbine, this is the minimum
wind speed at which the system can operate at pressures above osmotic pressure. For wind speeds below
this, production of water is not possible. For wind speeds above 6.54 m/s, water can be produced at
certain nozzle positions which intersect with the pressure-flow curves at a higher torque value translating
to above osmotic pressure. As the wind speed increases, water can be produced at a larger range of nozzle
positions. This is because as the wind speed increases, a larger range of nozzle flow curves intersect with
the pressure-flow curves above the osmotic pressure. At wind speeds close to the rated wind speed,
production of water is possible even at fully open nozzle position. Production of water is not possible
between the nozzle range of 38 mm to fully close position due to the operation of the turbine at very low
tip speed ratios. This results in operation of the wind turbine at low rotational speeds and consequently,
lower torque translating to pressures below osmotic pressure.

The flow through the nozzle to the pelton turbine generator, Q. at all nozzle positions for different wind
speeds is shown in Figure 4.10 below:
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Figure 4. 10 Pelton flows at all nozzle positions for different wind speed conditions.

At nozzle positions between 37.5 mm and fully-close position, the intersection of the nozzle flow curve
with the pressure-flow curve of the high-pressure pump occurs at lower rotational speeds of the DOT500
turbine. This results in the drastic reduction of the high-pressure pump flow rate which is directly
proportional to the rotational speed of the high-speed shaft, since it is a fixed-volume positive
displacement pump. Consequently, this results in a drop of the flow through the nozzle as seen in Figure
4.10.

The flow rate of seawater through the spear valve, Q,; is converted into rotational speed of the pelton
turbine. The rotational speed of the pelton wheel, weeion at all nozzle positions for different wind speeds
is shown in Figure 4.11 below:
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Figure 4. 11 Pelton rotational speed at all nozzle positions for different wind speed conditions.
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The nozzle effective area decreases as the nozzle moves towards close position and consequently the flow
through the nozzle leading to a decrease in the rotational speed generated in the pelton turbine.

The pressure in the system as a consequence of the nozzle position is translated into torque of the pelton
turbine. The torque of the pelton turbine, Tpeiton at all nozzle positions for different wind speeds is shown
in Figure 4.12 below:
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Figure 4. 12 Pelton torque at all nozzle positions for different wind speed conditions.

For nozzle positions between 36.5 mm and fully close position of 40.745 mm, the unstable operating
region is visible in Figure 4.12 due to the operation of the DOT500 turbine at low rotational speeds.
Operating in this region leads to a loss of power generated in the pelton turbine wheel and hence should
be avoided.

Finally, the power generated by the pelton wheel, Preion [kW] at all nozzle positions for different wind
speeds is shown in Figure 4.13 below:
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Figure 4. 13 Power generated by pelton turbine at all nozzle positions for different wind speeds.

A kink in the power generated curves can be observed for the operation of the spear valve at nozzle
positions in the unstable region due to the intersection of the nozzle curves with the pressure-flow curves
at higher pressures. Therefore, the torque generated also varies. An efficiency of 95% is assumed for all
ranges of operation accounting for frictional, separation and leakage losses during conversion of energy
in the turbine. It can be observed that when the system operates at a particular constant nozzle position,
the power generated by the pelton turbine is maximum for all wind speeds. The DOT500 turbine operates
on the Kopt curve at this position of the nozzle for maximum power extraction from the wind.
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Chapter 5: Optimization of the system

The system in Figure 1.1 is optimized for maximum electricity production and maximum water production
using an algorithm written in Python. Various system parameters like the pressure, position of the nozzle
for different wind speeds, torque and rotational speed of the pelton turbine, revenues from water and
electricity production and the control curve on the DOT500 turbine are plotted and analyzed.

For optimization of both maximum water production and electricity production the system parameters
mentioned in Table 4.1 are kept constant. Additionally, the parameters kept constant for optimization are
described in Table 5.1 below:

Table 5. 1: System parameters and limits considered for optimization.

System Parameter Value / Type
HPP model and type Kamat Quintuplex Plunger Pump K
80000 - 5G
HPP flow limit, Qupp max 2417 L/min
HPP rated rotational speed, Wwep rated 1500 rpm

5.1 Optimization for Maximum Electricity Production

The wind powered freshwater production system is first optimized for maximum electricity production by
closing the RO valve at all wind speeds. An algorithm is written in Python language which first solves the
system using the existing algorithm described in chapter 3 for solving flows.

The algorithm gives the pressure and the flow from the high-pressure pump towards the nozzle at all wind
speeds and all nozzle positions. The pelton rotational speed, torque and consequently the power
generated by the pelton turbine are calculated using Equations 3.22, 3.23 and 3.24 respectively for all
wind speeds and all nozzle positions from the pressure and nozzle flow values solved by the algorithm.
Since the RO limits do not hold for this type of optimization, the only limit to be considered is the high-
pressure pump flow/rotational speed limit. The algorithm searches for the maximum possible power that
can be generated at every wind speed for all the nozzle positions between fully-open and fully-close taking
into account the high-pressure pump flow/rpm limit.

The control curve for the operation of the DOT500 rotor is plotted in Figure 5.1 below:
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Figure 5. 1 Control curve for DOT500 turbine operation for maximum electricity production.

The aerodynamic torque-rotational speed characteristic of the DOT500 is shown in the grey curves for
wind speeds between Ugyt-in to Urates. The yellow curve indicates the operation of the turbine for optimum
conditions, Kopt Which indicates the maximum extraction of power from the wind for the given wind
speeds. The blue curve shows the control curve if the turbine has to operate to maximize electricity
production taking into account all the system limits and efficiencies. Up to the wind speed of 8.29 m/s, at
which the flow rate limit of the high-pressure pump is reached, the DOT turbine operates on the Kot curve
according to equation 4.3. During this operation, the turbine operates at the maximum coefficient of
power equal to 0.462 and the corresponding tip speed ratio of 8.6. A very small deviation is seen from the
Kopt curve to account for the various losses in the system. The losses include the efficiency of the gearbox,
volumetric, mechanical efficiencies of the Kamat high-pressure pump and the pelton turbine. The
generator efficiency of the pelton turbine for the conversion of mechanical energy of the turbine wheel
to electrical energy is also taken into account. After 8.29 m/s, the rotational speed of the rotor is kept
constant to maintain the high-pressure pump flow at the maximum limit. The torque of the rotor is
increased up to rated wind speed to increase the pressure in the system, thereby increasing the torque
generated in the pelton turbine. This results in the production of maximum electricity within system limits.

The maximum power generated by the pelton turbine generator at every wind speed and subsequently
the nozzle position are plotted for wind speeds between Ucytin and Urated in Figure 5.2 below:
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Figure 5. 2 Power generated and corresponding nozzle position for maximum electricity production.

The power generated by the DOT system is plotted on the left Y-axis and the subsequent nozzle position
is plotted as a function of wind speed on the right Y-axis. It can be observed from the graph above, that
the nozzle position remains constant for wind speeds up to 8.29 m/s. Hence up to 8.29 m/s, the DOT500
turbine operates on the Kqp: control curve. This is the wind speed at which the Kamat high-pressure pump
flow limit is reached. Since a positive displacement hydraulic pump is coupled to the high-speed shaft of
the hydraulic drive train and the flow rate of the pump is directly proportional to the rotational speed of
the high-speed shaft, the rotational speed of the turbine has to be maintained constant to maintain the
flow rate of the high-pressure pump below its maximum limit. Hence, only the torque of the DOT500
turbine can be increased to maximize the power generated by the pelton. This leads to the movement of
the nozzle towards close position, decreasing its effective area to increase the pressure in the system and,
consequently, lead to an increase in torque generated on the pelton wheel. A small drop in the slope of
the power generated curve occurs at 8.29 m/s, because the turbine rotational speed is no longer
increasing linearly with the wind speed, the rotor no longer operates on its maximum performance. The
maximum power generated by the system is 398 kW and hence for this mode of operation, 79.6% of the
DOT500 turbine’s rated power before the high-pressure pump can be realized. This reduction of 20% of
power generated is due to several factors. Firstly, there is a reduction in turbine performance by operating
the turbine at rotational speeds lower than the optimum. The losses of various system components are
accounted for between the turbine and output of the pelton turbine. Lastly, the rated wind speed of the
turbine could actually be a bit higher than 12 m/s.

The feed seawater pressure as a consequence of the nozzle position and the rotational speed of the high-
pressure pump at different wind speeds is shown in Figure 5.3 below:
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Figure 5. 3 System pressure and rotational speed of the high-pressure pump for maximum electricity production.

Since the flow rate limit of the high-pressure pump is reached at 8.29 m/s, the rotational speed of the
rotor has to be maintained constant. Hence to maximize the power generated in the pelton turbine, the
torque has to be increased. This results in the slope of the pressure curve to increase at 8.29 m/s.

The torque and rotational speed generated in the pelton turbine wheel as a consequence of the high-
pressure jet of water impinging on it is plotted in Figure 5.4 below:
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Figure 5. 4 Torque and rotational speed of pelton turbine for maximum electricity production.

Up to the wind speed of 8.29 m/s, the rotational speed of the pelton wheel, indicated in grey, exhibits
linear behavior, similar to the linear behavior of the high-pressure flow rate. This proves that the valve of
the RO is closed and all the flow from the high-pressure pump impinges onto the pelton turbine wheel.
At 8.29 m/s, the slope of the torque generated in the turbine indicated in red increases, indicating the
operation of the high-pressure pump at its flow limit.
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The power consumed by the entire system is constant for all wind speeds and is equal to the power
consumed by the boost pump and the sensors. It is negligible when compared to the power generated by
the system.

5.2 Optimization for maximum water production

Optimization of the system for maximum water production is performed by an algorithm written in
Python. This algorithm first uses the algorithm described in chapter 3 to solve for the system of flow
equations. The pressure in the system, p for all wind speeds and nozzle positions are first obtained and
the flow through the nozzle, Q.; is calculated for all pressures. The high-pressure pump flow to the RO
unit, Qs npp is calculated for pressures above osmotic pressure.

The minimum wind speed at which the osmotic pressure can be reached at any given nozzle position is
first obtained, as this is independent of the permeability coefficient, Kw. This wind speed can be referred
to as ‘Uosm’. To detect Uosm, the algorithm looks for the position of the nozzle at which the turbine can
operate at the maximum possible torque at the lowest wind speed. For wind speeds below Uym, the
system is optimized for maximum electricity production, since pressures above osmotic pressure cannot
be reached and hence feed water cannot be desalinated. The turbine operates on the maximum
coefficient of power, C, and its corresponding tip speed ratio. Since for wind speeds above Uosm, the
volume of permeate produced is directly proportional to the pressure above osmotic pressure, the
algorithm looks for the nozzle position at which the system can operate at the maximum possible
pressure. For all wind speeds, the algorithm checks if the pressure limit of the membrane, maximum
permeate flow limit and the high-pressure pump flow/rotational limits are exceeded and chooses the
position of the nozzle at which maximum pressure can be reached satisfying all the above-mentioned
limits.

The torque and rotational speed of the DOT500 rotor operation when optimized for maximum water pro-
duction is shown in Figure 5.5 below:
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Figure 5. 5 Control curve of the DOT500 turbine for maximum water production.
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The grey curves shown in Figure 5.5 above indicate the aerodynamic torque-rotational speed relationship
for different wind speeds. The yellow curve is the operation of the wind turbine at maximum power
coefficient for maximum power extraction from the wind. The aqua blue curve represents the operation
of the turbine for optimization of maximum water production. It can be observed that up to Uosm, the
operating curve overlaps the Koot curve indicating that the system is operating to maximize the power
extracted from the wind and hence maximum power is generated using the pelton turbine. At Ugsm, the
algorithm looks for the nozzle position at which the torque in the rotor at the respective wind speed is
the maximum. Therefore at 6.54 m/s, the torque increases radically from cot to the torque corresponding
to a pressure above osmotic pressure causing the system to operate at a lower rotational speed, hence
lower flow of the high-pressure pump. From Usm to the wind speed at which the maximum allowable
membrane pressure limit is reached at 10.29 m/s, the turbine operates at the peak of the torque-
rotational speed curves to maximize the torque and pressure and hence produce the maximum possible
amount of water at the respective wind speeds. At the wind speed at which one of the system limits is
reached, the maximum allowable membrane pressure in this case, the system operates to keep the torque
constant by opening the spear valve. This results in the constant operation of the RO system at the
maximum pressure limit with constant feed flow to the membranes. To maximize the revenue generated
by the DOT system, from 10.29 m/s, the rotational speed of the DOT500 turbine is increased while
maintaining the rotor torque at the maximum membrane pressure limit. This results in the increase of
flow from the high-pressure pump to the pelton turbine via the nozzle, thereby, increasing the power
generated by the pelton turbine. At 10.45 m/s, the high-pressure pump flow limit is reached. To maintain
constant water production in full load conditions, without damaging the high-pressure pump and the RO
membranes, the flow and pressure has to be maintained constant by pitching. Thus, the blades of the
DOT500 turbine needs to be pitched to operate the turbine at a constant rotational speed and constant
torque, to continue production of water at constant preferable conditions for wind speeds above 10.45
m/s. The cut-out wind speed is therefore reduced from 12 m/s to 10.45 m/s and pitching of the blades
occurs at a lower wind speed. The operation of the turbine in the unsteady region is avoided as a
consequence of this optimization.

The pressure in the system for maximizing water production and the position of the nozzle is shown in the
Figure 5.6 below:
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Figure 5. 6 System pressure and nozzle position for maximum water production.

For wind speeds below U.sm equal to 6.54 m/s, the valve of the RO remains closed and the system
operation is the same as in the previous case. At Uosm, it is possible to reach a pressure value just above
osmotic pressure and hence the nozzle moves towards close position leading to a jump in the pressure of
feed seawater from 25 bar to 34 bar to start reverse osmosis as seen in the blue curve in Figure 5.6 above.
As the wind speed increases, the nozzle in the spear valve further closes to operate at the highest possible
pressure at the corresponding wind speed. At 10.29 m/s, the pressure limit of the membranes is reached
and hence the nozzle opens to maintain the pressure close to the membrane pressure limit of 82.7 bar,
thus maximizing the production of water for wind speeds above Uosm. At 10.45 m/s, the flow rate limit of
the high-pressure pump is reached. To maintain the system pressure at the limit, to prevent damage to
the RO membranes, the torque of the DOT500 rotor is not allowed to increase further. Since the goal of
this optimization is to maximize for water production, the blades of the DOT500 have to be pitched to
maintain operation at constant rotational speed and torque. Hence the rated wind speed, Urated is reduced
to 10.45 m/s and is discussed in detail when analyzing the control curve of the turbine rotor above.

The torque and rotational speed of the pelton turbine are shown in the Figure 5.7 below:
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Figure 5. 7 Torque and rotational speed of the Pelton turbine for maximum water production.

The rotational speed generated in the pelton turbine indicated in grey exhibits linear behavior for wind
speeds up to Uosm as discussed in the optimization for maximum electricity production case. Since the
production of water starts at Uosm, @ drop in the rotational speed generated in the pelton turbine is
observed. This is due to the drop in the flow of feed from the high-pressure pump through the nozzle
which is deviated towards the RO system. Since the pressure in the system jumps from 25 to 34 bar at
Uosm, @ proportional rise in the torque generated is visible.

The rotational speed of the high-pressure pump has similar characteristics in shape to the rotational speed
curve of the pelton turbine but lower values due to the higher volumetric displacement of the pump
compared to that of the pelton turbine.

The flow rate of freshwater produced, and amount of electricity generated by the system when optimized
for maximum water production are shown in Figure 5.8 below:
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Figure 5. 8 Flow rate of permeate produced and amount of electricity generated for maximum water production.

The grey curve represents the flow rate of permeate produced as a result of desalination of seawater from
reverse osmosis in m3/s and the red curve represents the power generated by the pelton turbine
generated in kW. The production of water begins at Uosm and below this wind speed, no permeate is
produced. All the energy extracted from the wind is utilized to generate electricity by operating the
turbine at maximum power coefficient. At Uosm, a drop in the power generated is seen because part of the
feed water is diverted from the high-pressure pump to the RO proportionally to the excess pressure above
osmotic pressure. Even though there is a rise in the torque of the rotor to increase the pressure above
osmotic pressure to accommodate the start of reverse osmosis by closing of the nozzle, the flow through
the nozzle reduces drastically and hence the rotational speed generated in the pelton wheel is reduced.
Figure 5.6 shows that the pressure limit of the membrane is reached at 10.29 m/s and hence the pressure
in the system is maintained constant resulting in the constant production of water. An increase in the
power generation is seen at 10.29 m/s since the pressure limits the further increase in water production.
The remaining flow from the high-pressure flow is diverted towards the pelton turbine resulting in the
increase of rotational speed generated on the pelton wheel shaft at this wind speed. The flow rate through
the ERD and its rotational speed have similar characteristics in shape as the grey curve in Figure 5.8 above.

The power consumed by the entire system when optimized for maximum water production shows
similarity in shape as the red curve in Figure 4.6. Since the ERD starts operating at 6.54 m/s instead of 7.5
m/s, the increase in power consumption is visible at this wind speed and the drop in the consumption
curve visible at 11.6 m/s is absent. Hence, above 11.6 m/s, less power can be delivered to the grid
compared to operation on the turbine maximum power curve.

5.3 Optimization for specified locations
Optimization for maximum electricity production and maximum water production is performed for 3
locations namely:

1. Maasvlakte, within the Port of Rotterdam, The Netherlands having coordinates (Lat, Long):
(51.97156°, 4.01379 ") marked in the map in Figure 5.9 below:
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Figure 5. 9 Location 1 : Maasvlakte [23].
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Figure 5. 10 Wind frequency rose (left), Wind power rose (middle) and Wind speed rose(right) for Maasvlakte [23].

The wind frequency rose (left), wind power rose (middle) and the wind speed rose for Maasvlakte is
obtained from global wind atlas and is shown in Figure 5.10 above. From the wind rose diagram it can be
concluded that the dominant winds comes from the south-west direction for Maasvlakte. The mean
power density is 635 W/m?and the average wind speed is 8.19 m/s.

2. Aruba (North), in the southern Caribbean Sea having coordinates (Lat, Long): (12.56763 °, -
69.99699 ) is marked in the map in Figure 5.11 below:
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Figure 5. 11 Location 2 : Aruba North [23].
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Figure 5. 12 Wind frequency rose (left), Wind power rose (middle) and Wind speed rose(right) for Aruba North [23].

The wind frequency rose (left), wind power rose (middle) and the wind speed rose (right) for Aruba South
is shown in Figure 5.12 above. 90% of the dominant winds are eastern for Aruba north. The location has
a mean power density of 909 W/m? and average wind speed of 10.93 m/s.

3. Aruba (South) having coordinates (Lat, Long): (12.47748 ", -69.99463 ") is marked in the map in
Figure 5.13 below:
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Figure 5. 13 Location 3 : Aruba South [23].

This particular installation site located in the South of Aruba has the exact same wind frequency rose,
wind power rose and wind speed rose as Aruba North shown in Figure 5.12 and hence the dominant winds
blow from the east direction. The mean power density is 529 W/m? and average wind speed is 9.18 m/s.

The wind speed distribution of all the 3 locations is shown graphically using the Weibull distribution curve
in Figure 5.14 below:
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Figure 5. 14 Weibull distribution of Maasvlakte, Aruba North and Aruba South.

The data is sorted into wind speed classes of 0.05 m/s. The Weibull scale parameter ‘A’ [m/s] is a measure
for the characteristic wind speed of the distribution for the particular location. The Weibull scale
parameter is also proportional to the mean wind speed. The Weibull shape parameter ‘k’ is a measure of
the shape of the wind speed distribution. Smaller the value of k, more the variation in wind speeds. Both
these Weibull parameters for all 3 locations are calculated and defined in Table 5.2 below.
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Table 5. 2: Weibull parameters for the 3 specified locations.

Location Scale parameter ‘A’ (m/s) Shape parameter ‘k’
Maasvlakte 7.95 2.073
Aruba North 8.52 3.965
Aruba South 8.45 4.216

The revenue from water production and electricity generation is plotted for all 3 locations for optimization
of the system for maximum electricity production and maximum water production. Using the frequency
of distribution of wind speeds from Weibull distribution curve, the occurrence of all wind speeds in 0.05
m/s bins in number of hours per year is calculated from cut-in to cut-out wind speeds. A realistic fixed
price for cubic meter of water and kilowatt-hour of electricity, as shown in Table 5.3 below, is assumed
and the revenues for every wind speed are calculated.

Table 5. 3: Selling price of water and electricity for the 3 specified locations [24] [25].

Location Price of 1m3 of water [€] Price of 1kWh of electricity
[€]
Maasvlakte 1.04 0.05
Aruba North 4.06 0.25
Aruba South 4.06 0.25

The total annual energy produced at every wind speed, U is calculated by multiplying the power generated
at the respective wind speed, P(U) with the number of hours in a year at the particular wind speed, t(U)
obtained from the Weibull distribution as shown in Equation 5.1.

E(U) = P(U) - t(U) (5.1)

5.3.1 Revenue from optimization for maximum electricity production:
The product of total annual energy produced, E(U) and price of electricity in euros per kilowatt-hour gives
the annual revenue in euros from system operation at corresponding wind speeds.

The revenues from production of electricity and water for Maasvlakte, Aruba north and Aruba south are
shown in Figures 5.15, 5.16 and 5.17 below.
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Figure 5. 15 Revenue from electricity production at Maasvlakte.
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Figure 5. 16 Revenue from electricity production at Aruba North.
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Figure 5. 17 Revenue from electricity production at Aruba South.

The revenue from electricity production for a year in Euros is represented by the gray curve in the figure
above. The revenue from water production in red is 0 for all wind speeds because the RO valve is closed
to maximize electricity production.

5.3.2 Revenue from optimization for maximum water production:

The total flow rate of water produced in a year for every wind speed, U is calculated by multiplying the
flow rate of water produced at every wind speed, Qy(U) shown in Figure 5.8, translated to m3/hour, with
the number of hours in a year at the particular wind speed, t(U) obtained from the Weibull distribution.
This is shown in Equation 5.2 below:

Qp,year(U) = Qp(U) - t(U) (5.2)

The product of the annual volume of the water produced at every wind speed, Qq,year and the price per
cubic meter of water at the particular location in Euros defined in Table 5.3 gives the annual revenue from
water production by the DOT system at corresponding wind speeds.

The revenues from production of electricity and water for Maasvlakte, Aruba north and Aruba south for
a year in Euros are shown in Figure 5.18, 5.19 and 5.20 below:
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Figure 5. 18 Revenue from electricity and water production at Maasvlakte.
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Figure 5. 19 Revenue from electricity and water production at Aruba North.
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Figure 5. 20 Revenue from electricity and water production at Aruba South.

The grey curves represent the revenue from electricity production for a year in Euros and the red curves
represent the revenue from water production.
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Chapter 6: Sensitivity Analysis

For the DOT system optimized for maximum water production in Chapter 5, the sensitivity of two
independent desalination parameters, active membrane area of RO modules, ‘A’ and permeability
coefficient, ‘K.’, on dependent variables, like cut-out wind speed, maximum permeate production,
maximum system operating pressure, power generated by the pelton turbine, total annual power and
water produced, under a given set of assumptions, is analyzed in this chapter.

A few points of the sensitive parameters, referred to as knots, are chosen depending on the parameter
within a realistic range of values and the simulations are run. The variables dependent on the sensitive
parameters are noted. To predict the values that fall within the chosen points of sensitive parameters,
nonlinear spline interpolation is performed using ‘InterpolatedUnivariateSpline’ function. Spline
interpolation is chosen in order to draw a smooth curve through the chosen data points.

6.1 Sensitivity of membrane active area ‘Ay’

The active area of the membrane is an important parameter which can be chosen while designing the
system to calibrate the model according to the requirement of a particular location. To analyze the effect
of A, on various output parameters, the maximum water production optimization simulation is run for 5
Filmtec membranes having similar properties but varying in membrane active areas from 28m? to 41m?.

The membranes chosen to perform sensitivity analysis of An is shown in Table 6.1 below.

Table 6. 1: Membranes chosen for sensitivity analysis of Am.

Model Active membrane area
(m?)
SW30-8040 28
SW30HR-320 30
SW30-380 35
SW30HR LE-400 37
SW30XLE-440i 41

All the other system parameters like permeability coefficient, maximum allowable membrane pressure,
membrane permeate production limit, number of membranes and pressure vessels, high-pressure pump
/ pelton turbine type, flow, volumetric displacement and rpm limit, concentration of feed seawater, type
of spear valve, membrane recovery rate and various volumetric and mechanical efficiencies are kept
constant, as described in Table 4.1, to lay a basis for comparison.

By varying the active areas of membranes in the RO system, the rated wind speed for DOT500 turbine
operation varies as shown in Figure 6.1 below.
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Figure 6. 1 Sensitivity of rated wind speed at different Ap,.

The rated wind speed for this system can be defined at the wind speed at which both the torque and
rotational speed limits are reached. An increase in the torque, would result in the increase in system
pressure beyond the membrane pressure limit. Similarly, an increase in the rotational speed, would result
in the exceedance of flow rate limit of the high-pressure pump. Thus, the blades have to be pitched at this
rated wind speed, to maintain constant torque and rotational speed at the system limits, by turning the
angle of attack of the blades according to pitch control.

It can be observed that as the size of the membrane active area increases, the rated wind speed decreases
and hence, the blades of the turbine have to be pitched at lower wind speeds, to maintain constant
production of water and power at the respective rated limit.

For the entire range of A, the system operation is limited by the maximum membrane allowable pressure
to maintain maximum water production. As An, increases, at higher wind speeds the turbine operates at
the torque corresponding to pressure limit of the membrane but at higher rotational speed. Thus, for a
lower membrane active area, the torque limit is reached at a lower rotational speed leaving larger room
for the system operation at constant torque up to the rotational speed limit causing the rated wind speed
to be higher. Similarly, for a higher value of Ay, the torque limit is reached at a higher rotational speed,
thus the rated wind speed is lower, and the pitching of blades occurs at lower wind speeds.

The sensitivity of the minimum wind speed at which water can be produced at different A,, is shown in
Figure 6.2 below. It can be observed that for all A, between 28 to 41m?, water production starts at a
constant wind speed of 6.55 m/s. This is because the system is designed to find the minimum wind speed
at which the torque is high enough to operate the system at pressures above osmotic pressure. This wind
speed is independent of An, because the size of the membrane does not directly influence the operating
point of the turbine. Thus, for all membrane sizes, the system can be designed to operate at Cpmax to
maintain operation on the maximum power production curve below 6.55 m/s.
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Figure 6. 2 Minimum wind speed at which water production starts for different A,.

The maximum permeate flow rate at different Ay, is shown in Figure 6.3 below.
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Figure 6. 3 Maximum permeate production at different Ap,.

The flow rate of permeate produced is the membrane recovery rate, y times the total feed flow to the RO
system as defined in Equation 3.26. The total feed flow consists of the feed flow from the high-pressure
pump and the feed from the ERD as defined in Equation 3.12. The feed flow from the high-pressure pump
to the RO varies according to Equation 3.17, and is linearly proportional to the membrane active area, An.
Thus, it can be concluded that the permeate production is linearly proportional to An. This relation can be
seen in the figure above. The increase in membrane active area results in a linear increase in the maximum
permeate produced by the RO unit. A slight deviation from the linear behavior is visible due to the
selection of knots in irregular intervals within the range considered for this sensitivity study. Increasing
the number of membranes in the system will exhibit similar behavior.

The pelton turbine characteristics for different A, are plotted in Figure 6.4 below.
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Figure 6. 4 Maximum pelton turbine torque and rotational speed generated at different A, (left), Maximum power generated by
the system at different Ap, (right).

The red curve in Figure 6.4 (left) indicates the maximum rotational speed and the blue curve indicates the
torque generated by the pelton turbine. Figure 6.4 (right) shows the maximum power generated by the
pelton turbine at different values of An.

The maximum torque generated by the system is constant for all values of A, as shown in blue in the
figure 6.4(left) above. This is because for any membrane size, at wind speeds before the rated wind speed
the system already operates at the maximum RO membrane pressure limit to maintain constant operation
of the RO, thus producing the maximum possible water within all limits. The goal is to maintain turbine
operation at this torque limit for all wind speeds up to cut-off wind speed by pitching the blades.

This reasoning is validated by Figure 6.5 below showing the maximum pressure in the system for different
values of An.
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Figure 6. 5 Maximum system operating pressure at different Ap,.

Figure 6.6 shows these wind speeds above which constant operation of RO is possible up to cut-out wind
speed, i.e. 25 m/s.
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Figure 6. 6 Wind speeds above which constant RO operation is possible for different An,.

Operation of the RO unit is most stable at constant pressures, and the main goal is to maximize water
production i.e. operate at the membrane pressure limit. It can be observed from Figure 6.6 that as the
active membrane area increases, the wind speed at which constant operation of the RO can be achieved
also increases. This is because a decreasing trend in the rotational speed generated in the pelton turbine
is seen in Figure 6.4(left). The rated wind speed keeps decreasing for an increasing An.

The RO feed flow from the high-pressure pump, Qs uee is linearly proportional to the membrane active
area, An defined in Equation 3.17. Smaller the active membrane area, lower the high-pressure pump feed
flow, Qs nepe to the RO unit and therefore the constant operation of RO occurs at a lower wind speed. Hence
higher the flow rate through the nozzle, Q,,. Consequently, higher the rotational speed generated in the
pelton turbine as seen in Figure 6.4 (left).

6.2 Sensitivity of permeability coefficient ‘Kw’

The permeability coefficient has an impact on the efficiency of the desalination process [29]. This in turn
has a significant effect on the various operating parameters of the DOT system. The permeability
coefficient depends mainly on the material structure of the membrane. Nano-porous graphene and
carbon nanotubes have permeabilities of 2-3 orders of magnitude higher than TFC membranes [29].
Hence, depending on the location, and electricity/water requirements, the type of membrane can be
chosen. The implication of this choice has a substantial effect on process efficiency and permeate
production by the reduction in operating hydraulic pressures.

To analyze the effect of K, on various system output parameters, the simulation for optimization of
maximum water production is run for 10 realistic values of Ky, between 4.16-10% to 4.16-10°s/m [29]. All
other system parameters mentioned in the sensitivity study of A, including the membrane active area
from Table 4.1 are kept constant for comparison.

The variation of rated wind speed for the DOT500 turbine at different increasing values of K,, are shown
in Figure 6.7 below:
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Figure 6. 7 Sensitivity of rated wind speed at different K,,.

The rated wind speed of the DOT500 turbine decreases with increasing permeability coefficient of the
membrane. This is because, higher the permeability coefficient, lower the pressure required to produce
the same flow rate of the permeate. Therefore, at higher values of K, the maximum allowable membrane
pressure limit is reached at lower wind speeds and vice versa. The torque of the wind turbine has to be
kept constant at this limit to avoid damage to the membranes, and hence the turbine can only operate at
increasing rotational speeds for increase in wind speeds up to the high-pressure pump flow limit.

The minimum wind speed at which the production of water can start at different permeability coefficients
is plotted in Figure 6.8 below:
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Figure 6. 8 Minimum wind speed at which water production starts for different K,,.

It can be observed from the above figure, that for all values of K., the minimum wind speed at which
water can be produced remains independent of Ky. The value of permeability coefficient does not
influence the operation of the turbine and hence has no effect on the pressure in the system. It mainly
influences the volume of permeate produced at this wind speed. Lower the Ky, lower the permeate
produced at this minimum wind speed and vice versa.

The maximum permeate flow rate at different K, is shown in Figure 6.9 below.
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Figure 6. 9 Maximum permeate at different K.

The flow rate of permeate produced varies linearly with the permeability coefficient according to Equation
3.15. This linear behavior is visible for the lower spectrum of permeability coefficients considered for this
study. Above a particular value of K, the maximum permeate produced by the RO system remains
constant. This is due to the maximum permeate production limit of the entire RO system. Without this
limit, the linear behavior is expected. The wind speed at which this maximum permeate production limit
can be reached decreases for increasing Ky and is shown in Figure 6.10 below.
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Figure 6. 10 Wind speeds above which constant RO operation is possible for different K.

The graph above represents the wind speeds at which the system operates at the membrane pressure
limit for maximum water production. For low values of permeability coefficient, to operate the RO unit at
its corresponding maximum permeate production limit, the system needs to operate at higher pressures.
These high pressures can be reached only at higher wind speeds. As the K, value increases, the RO unit
can produce maximum water at its permeate limit (seen in figure 6.9), at pressures below the maximum
allowable membrane pressure. Hence, these low pressures can be reached at lower wind speeds, leading
to constant RO operation for a larger range of wind speeds.

The characteristics of the pelton turbine for different K, are plotted in Figure 6.11 below.
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Figure 6. 11 Maximum pelton turbine torque and rotational speed generated at different K, (left), Maximum power generated
by the system at different K, (right).

The red curve in the left figure above represents the maximum rotational speed and the blue curve
represents the maximum torque generated by the pelton turbine. Figure 6.10 (right) indicates the
maximum power generated by the system at different permeability coefficients.

As the permeability coefficient of the membrane increases, the torque generated by the pelton turbine
decreases. This is because for increasing values of K, the maximum pressure at which the system operates
also decreases, as the system operation is limited by the maximum permeate production flow rate of the
entire RO unit at lower pressures. This is validated by Figure 6.12 below, where the maximum system
operation pressure for increasing permeability coefficients is plotted.

The maximum rotational speed generated by the pelton turbine decreases for low permeability
coefficients where the RO unit produces water below its maximum permeate production limit. This is
because for low values of Ky, the flow from the high-pressure pump to the RO unit is higher to maximize
water production and hence lower flow impinges on the turbine leading to a decrease in rotational speed
generated. For the range of permeability coefficients where the permeate production limit is reached,
(above 9.42 - 107 s/m), the maximum rotational speed generated by the pelton turbine dips and rises due
to the combination of decreasing turbine rated-wind speed and the flow rate through the nozzle. The
maximum power generated by the turbine is a product of pelton torque and rotational speed.
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Figure 6. 12 Maximum system operating pressure for different K,,.
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Chapter 7: Conclusions and Recommendations

The goal of this thesis was to investigate the steady-state performance of the wind powered freshwater
and electricity production system, by controlling only the nozzle of the spear valve. A numerical model of
a DOT500 hydraulic drive train wind turbine integrated with a RO system with ERD and a pelton turbine
in parallel to the RO was made. The ultimate goal was to maximize revenue for specified locations by
means of quantitative numerical modeling of the integrated system and simulation of the model for
various scenarios. Optimization was performed for maximum water production and maximum electricity
production using algorithms built and sensitivity analysis of critical desalination parameters was
performed to investigate their effect on overall system performance.

7.1 Main Conclusions

The DOT hydraulic drive train turbine integrated to a RO with ERD for desalination and pelton turbine to
generate electricity could be the solution to coastal developing countries where fresh water is scarcer and
electricity is generated using conventional methods. The steady-state simulation of the model shows
promising results in controlling the system with only a spear valve at fluctuating wind speeds up to rated
wind speed.

The main research question was formulated in Chapter 1 as:

How can the DOT500 hydraulic drive train wind turbine be used to produce fresh water and electricity
using a spear valve as means to control and optimize the system?

The spear valve is an electronically actuated throttle which can be used to widen or narrow the outlet
area of the orifice. In the system modeled, for steady control of the hydraulic drive train wind turbine, the
counter torque provided by the high-pressure pump can be influenced by the position of the spear valve
to achieve desired pressure levels. This translates to the character of the control curve of the DOT500
turbine. Hence, the system operation can be optimized to either produce maximum power by maintaining
operation close to the Kot maximum power curve or produce maximum water by operating close to
maximum torque. The model also confirms the stable operation of the system at its sub-system limits by
manipulating the position of the nozzle to maximize revenue.

The numerical model and algorithm built to solve the system of steady-state equations in Chapter 3 aid in
simulating the integrated system for all combinations of operating conditions. This helps in gaining deeper
understanding of the system behavior, especially in recognizing the problematic operating region where
the turbine operates at low tip speed ratios at near fully-closed nozzle positions, resulting in the loss of
performance. For the range of tip speed ratios, where the turbine can produce power from the wind,
certain nozzle positions where the spear valve is near fully-closed position, lead to multiple solutions. A
unique solution can be found when ignoring the turbine operation at low tip speed ratios. It can be
concluded that, with the help of this steady state model, the control settings for steady state conditions
of the turbine can be formulated. Thus, the problematic operating region can be avoided, increasing
system reliability, by maintaining operation of all the sub-system components within its nominal range of
operation.

When simulating the model for maximum turbine power, the torque and rotational speed follows a
guadratic function. At low wind speeds, the system only generates power and operates at a constant
nozzle position. Above osmotic pressure, water production starts by moving the nozzle slightly towards
the close position and the volume of permeate produced increases proportionally with the increase in
torque. The valve of the RO is shut-off at high torques above the membrane maximum limit to prevent
damage to the membranes, resulting in a jump in electricity production and the nozzle comes back to its
original constant position. A similar turbine control strategy is obtained when optimizing for maximum
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electricity production. The valve of the RO remains closed for all wind speeds and the position of the
nozzle remains constant for wind speeds up to which the high-pressure pump flow limit is reached. Above
this wind speed, the nozzle moves towards close-position to maintain operation at constant rotational
speed, up to the rated wind speed, thus maximizing electricity generated.

The system can be optimized to generate maximum revenue by optimizing for maximum water
production. The strategy is by closing the RO valve and operating the turbine on the maximum power
curve for low wind speeds up to Uesm, Which is the minimum wind speed at which the system can operate
above osmotic pressures. Above Uosm, the optimum operating curve is as steep as possible, close to
maximum torque, to maintain operation at the maximum possible pressure, maximizing production of
water. When the membrane pressure limit is reached, the nozzle is opened to maintain the pressure at
its maximum limit. This leads to constant production of water at the RO limit, while an increase in
rotational speed of the high-pressure pump up to its flow limits result in the increase of power generated
by the pelton turbine. The blades of the turbine need to be pitched when the limits of all sub-systems are
reached to maximize revenue up to cut-out wind speeds. This optimal operation strategy for both
maximum electricity and water production results in the operation of the DOT500 turbine away from the
problematic region for all wind speeds. However, the optimization for maximum water production differs
from operating the turbine at maximum power performance. The operation/control of the system is
dominated by pressure, rather than power.

Sensitivity analysis of critical desalination parameters is performed using the model built to maximize
revenue to analyze their effect on system behavior, to aid in the future optimization of the RO system. As
the membrane active area, An or the permeability coefficient, Ky increases, the rated wind speed of the
turbine decreases and thus the blades have to be pitched at lower wind speeds. Both these parameters
have no effect on the minimum wind speed at which water production can start. An increase in both A,
and K, results in the increase in freshwater produced, up to the maximum membrane production limit.
As aresult, the electricity generated by the system decreases linearly for an increase in Ay, and non-linearly
for an increase in K. The higher the Ky, the lower the system operating pressure to produce the same
volumes of water and the system can operate at its maximum limits for a larger range of wind speeds,
thus maximizing revenue.

Sensitivity of more sub-system parameters is required to develop clear guidelines for operating the
DOT/RO system. The permeability coefficient of the membrane, K, needs to be precisely known to make
a good prediction on the turbine operating settings for optimization. The behavior of the maximum
rotational speed of the pelton turbine from the sensitivity analysis results shows that the flow modeling
in pelton turbine needs to be further detailed in the next phase for deeper understanding.

7.2 Recommendations for Future Research

e  Wind turbine control strategies: To maximize the revenue from system operation, a further study
into the control of the hydraulic drive train for the optimal mix of water to electricity generation
is required, as a function of the wind climate of the location and real time electricity/water prices.
Further research on the active pitch control of the turbine is necessary to maintain constant
operation at the system limits from rated wind speed up to cut-out wind speeds. Additionally, a
control strategy to stop the wind turbine during an emergency due to fluid dynamics needs further
research.

o Model extension: The current model is used to solve the DOT500 turbine integrated with a
simplistic model of the RO with ERD. For future research, the model presented in this thesis can
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be improved by adding models for individual membranes in more detail for deeper insights on the
performance of the reverse osmosis system. The losses of pressure energy due to pipeline
resistance can also be added to the present model.

Wind farm design and optimization: Scaling up the DOT concept from a single turbine to a wind
farm is critical for economic feasibility. Hence, further research is necessary to design and simulate
a wind farm and optimize it depending on the location. Further research on different control
strategies are required to optimize the operation of individual turbines in a wind farm to take into
account the wind farm effects and variation of wind within the park. Several case studies can be
performed to design the wind farm with either high-pressure flow pipelines from individual
turbines or shared pipelines to the RO and pelton systems. In addition, the position of the RO and
pelton systems within the farm can be optimized to minimize pressure losses.

Financial analysis: To scale up the DOT concept, especially in developing countries, the production
of electricity and water has to be economically more attractive than conventional techniques. This
thesis provides a model to calculate the annual revenue generated by the system up to rated wind
speeds and also a basic power consumption model. From this model, it is possible to extrapolate
the revenue up to cut-out wind speeds by developing a strategy for active pitch control, to
maintain operation at the rated wind speed system limit. However, a detailed financial model is
required taking into account the capital expenditures and operational expenditures to determine
the levelized costs of electricity and water by considering a realistic fixed charge rate.

Change in configuration: A case study for adding an additional high-pressure pump in series with
the pelton turbine, operating using the electricity generated by the pelton generator to further
produce freshwater, by feeding it to either a separate RO system or the existing RO system can
be looked into, for locations where water is more valuable than electricity. Additionally, the
possibility of adding another stage of RO desalination to increase recovery from the feed seawater
can be investigated.

Energy Savings: Further savings in energy consumption can be achieved by using TFC polyamide
membranes with higher water permeability coefficients and selectivities [29]. A detailed RO
model can be made using these membrane materials to analyze the effect of reduced hydraulic
overpressures required to achieve water flux on the energy consumption of the system.
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