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Abstract

R.A.G. Smits
Delft, April 2019

With a fast growing world population, the lack of fresh water is one of the world’s biggest future concerns.
Water stress can lead to conflicts, holds back economic growth and has a major impact on human health.
Nowadays, more and more countries that lack fresh water sources are using the saline water from the oceans
and desalinate it to produce fresh water. The most common way to do this is by the means of Reverse Osmo-
sis (RO). However, one of the biggest negative aspects of desalination is its high energy consumption, mostly
provided by fossil fuels. Therefore, a more sustainable solution using renewable energy sources to power a
RO system is necessary.

Delft Offshore Turbine (DOT) is currently developing a hydraulic drive train wind turbine that converts the
aerodynamic power captured from the wind into hydraulic power. With a positive displacement pump, a high
pressure water stream is created for centralised electricity production using a spear valve and a Pelton wheel.
Using this hydraulic turbine for the purpose of fresh water production with RO can be a well fitted combi-
nation. Using wind as an energy source for desalination purposes, however, creates some major challenges,
one of which is dealing with the inconsistency of wind. For varying wind speeds, a hydraulic wind turbine is
controlled by regulating system pressure hence the pump torque with the spear valve. With a RO system with
ERD, it is researched how to regulate the flows and pressures for a stable operation.

In this thesis, the combination of the hydraulic wind turbine with a Reverse Osmosis system with an Pressure
Exchanger Energy Recovery Device (ERD) is being analysed in more detail. For this, first a numerical model is
developed an an experimental test setup is designed, constructed and used to validate the numerical model
results and verify the working principle of the ERD, as its behaviour in a inconsistent desalination process was
not known. With the model, the RO system with the ERD is modelled to predict the systems’ behaviour under
variable inputs of both the high pressure pump (HPP) and the ERD as well as to investigate in which way the
ERD influences the permeate production performance. The analysis shows a large positive influence on the
amount of produced permeate when using an ERD in the RO system. In addition, the power consumption
of the RO process can be reduced by up to 80%. A varying input provided by the high pressure pump, for
example as a results of varying wind speeds, does not seem to (negatively) affect the efficiency of permeate
production. A varying rotational speed of the ERD resulted in a slight variation in the feed pressure at the
membranes inlet hence the pressure at the HPP discharge side. However, this limited influence is considered
not enough to effectively affect and control the high pressure pumps’ torque. The results obtained from the
experimental tests confirmed the model results, showing that the modelled behaviour of the RO system with
the ERD was accurate.

Second, a numerical model was developed for the design of a small scale wind driven reverse osmosis sys-
tem with an ERD. From this, a analysis regarding turbine stability and operating regions for water production
was done. This showed that for the wind turbine to operate in a stable operating region, it seems that the
use of an ERD affects the system in such a way that water production can only be realised at fairly high wind
speeds. To optimally make use of the hydraulic wind turbine and operate at the highest possible aerody-
namic efficiency, a combination of electricity production at low wind speeds and water production with an
ERD at wind speeds that are sufficient, can be interesting. Future research into a combination of electricity
production with desalination is required.
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Nomenclature

The next list describes the acronyms and symbols used in this document

Acronyms

CAPEX Capital Expenditure

DOT Delft Offshore Turbine

ERD Energy Recovery Device

HP High Pressure

HPP High Pressure Pump

LCOW Levelized cost of water

LP Low Pressure

NDP Net Driving Pressure

OPEX Operational Expenditure

PPM Parts Per Million

PX Pressure Exchanger

RO Reverse Osmosis

RPM Rotations Per Minute

SWRO Seawater Reverse Osmosis

TDS Total Dissolved Solids

tsr Tip Speed Ratio

Symbols

α Total damping

∆Π Osmotic Pressure Difference

∆ Difference

δ Effective concentration constant

ṁ Mass flow rate

η Efficiency

γ Recovery rate

λ Tip speed ratio

ω Rotational speed

ρ Density

τ Torque
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A Area

a Effective concentration weighting coefficient

B Damping

C Concentration, Coefficient

Cp Power Coefficient

Ct Torque Coefficient

ev Valve resistance

e f f Effective

J Flux,Mass moment of Inertia

Kw Permeability constant

L Leakage

M Volumetric mixing ratio

n Ratio

OF Overflush

p Pressure

Q Flow rate

R Salt rejection, Radius

S Displacement

SP Salt Passage

T Temperature

t Time

Ur el Relative wind speed

V Volume

v Flow velocity, Wind speed
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1
Introduction

The purpose of this chapter is to introduce the project, beginning with a problem introduction, then the
principle of Delft Offshore Turbine (DOT) and the problem definition. Finally, the thesis objective and the
approach will be explained, and the structure of this thesis is given.

1.1. Problem Introduction
1.1.1. History of Desalination
Approximately three quarters of the earth is covered by water, of which only 2.5% is fresh water [1]. Much of
this fresh water can be found in glaciers and permanent snow, as can be seen in Table 1.1, only a small part
is usable to meet the freshwater demands. With a growing world population, the lack of drinking water is
becoming one of the biggest concerns in the future. Water stress can lead to conflicts, it holds back economic
growth and has a large impact on the health of millions of people. As the demands for freshwater grows, new
ways of producing freshwater are necessary to supply the need. One way of producing fresh water is by us-
ing the saline waters, such as brackish groundwater or seawater. By desalinating the water from these water
sources, freshwater can be produced.

Table 1.1: Major stocks of water on earth [1]

Location Amount (·106km3) Percentage of World Water
Ocean 1338.0 96.5
Glaciers and permanent snow 24.1 1.74
Groundwater (brackish or saline) 12.9 0.94
Groundwater (fresh) 10.5 0.76
Ground ice/permafrost 0.30 0.022
Freshwater lakes 0.091 0.007
Freshwater stream channels 0.002 0.0002
Total 1385.893 100

According to Lattemann et al. [2], the worldwide installed desalination capacity is increasing fast. Since 2006,
the worldwide capacity grew with an average rate of 12 percent per year. According to some analysis, the
installed capacity grew from 64Mm3 per day in 2010 to 98Mm3 per day in 2015, as can also be seen in Figure
1.1. Of the total desalinated water, the majority comes from seawater sources, namely 63%. A total of 19%
originates from brackish water sources and only 5% comes from waste water sources.

Since desalinating became an interesting solution for producing fresh water, the Gulf countries have been the
leaders when it comes to installed capacity (Figure 1.1). Around 48% of the global desalination production
takes place in the Middle east, mainly in the Gulf Country states. Since the beginning of the desalination
industry in the early 1960s, gradual changes took place. Nowadays, desalination plants grow in size rapidly.
Due to the growing activity, and the growing number of plants worldwide, concerns about the negative impact
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2 1. Introduction

Figure 1.1: Projected growth of desalination market [2].

on the environment are being raised. One of the biggest negative aspect of desalination is its high energy
consumption (see Table 1.2). The energy needed mostly comes from fossil fuels, and the main environmental
concern with this is the emission of air pollutants, like greenhouse gasses, that are produced when fossil fuels
are used for electricity generation, since they have a large impact on climate change.

Table 1.2: Energy data of desalination techniques [2]

Reverse Osmosis (RO) Multistage flash (MSF) Multi-effect distillation (MED)
Operating Temperature Below 45°C Below 120°C Below 70°C
Main energy source Electrical energy Steam (heat) Steam (heat)
Thermal energy demand None 250-330 kJ/kg 145-390 kJ/kg
Electrical energy demand 2.5-7 kW h/m3 3-5 kW h/m3 1.5-2.5 kW h/m3

1.1.2. Desalination using Renewable Energy Sources
Over the past decades, a significant increase in research has been done for using renewable energy sources
as energy input for desalination processes, like wind or solar power. Most countries suffering from shortage
of fresh water sources have a large amount of renewable energy sources, like countries in the Middle-East or
Africa, that have a significant potential of solar power. Several small scale desalination plants driven by solar
power have been installed, mainly in remote and off-grid areas. Unfortunately, scaling up to large scale plants
is obstructed by technological-economic challenges, such as the lack of specialized manpower to technolog-
ical limitations.

Some large-scale plants that are driven by renewable energy sources have been realised in the past couple of
years, like the desalination plant in Perth, Australia, that is producing fresh water since 2006 and is powered
by an 80 MW wind farm [3]. However, these plants are also connected to the grid because the desalination
techniques used require continuous energy supply to provide a stable water production and operation. Re-
newable energy sources like solar and wind fluctuate during the day. For example, due to clouds the intensity
of solar energy changes and due to constant difference in wind speed, the power output of a wind turbine is
dynamic, especially when the so called rated wind speed is not reached (explained in more detail in Chapter
3).

Inconsistency of renewable energy sources is one of the main drawbacks of using renewable energy. Another
drawback is the fact that the energy from renewable sources is first converted into electrical energy before it
is used to operate the seawater Reverse Osmosis (SWRO) systems. Due to this extra conversion step, trans-
mission losses are induced, which leads to a decrease in efficiencys. On top of that, the system requires more
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components to be able to operate, making the system less reliable. In fact, the gearboxes used in conven-
tional wind turbines cause up to 59% of the total failures of the turbine, leading to a lot of downtime and large
economic losses. [4]

The high energy consumption of Reverse Osmosis is mainly due to the need for high pressures to desalinate
(sea)water. To make the desalination process more efficient, energy is being recovered from the concentrate
(waste) stream, by using Energy Recovery Devices, or ERDs. The need for high pressurised water using a
system with few components can be fulfilled by using the DOT Hydraulic Drive train wind turbine principle
as an energy source. Combining this with an pressure exchanger ERD for an efficient Reverse Osmosis process
leads to the topic of this thesis.

1.2. Delft Offshore Turbine (DOT)
Delft Offshore Turbine, or DOT in short, was first launched as a project by the Delft University. The project
focused on the development of technical solutions to make offshore wind energy a commercially competitive
source of energy. A different approach of energy production from wind to electricity was used, by using the
potential of fluid power transmission for offshore wind farms with centralised electricity production, using
seawater as hydraulic fluid. A simplistic overview of this principle can be seen in Figure 1.2.

Figure 1.2: The Delft Offshore Turbine (DOT) hydraulic drive train wind turbine principle [5].

Wind energy is converted into hydraulic energy by using a positive displacement pump (hydraulic pump)
that is installed in the nacelle of the wind turbine. The rotational motion of the turbine is used to pressurise a
low pressure inlet seawater line. A spear valve, installed at the end of the line, is used to control the rotational
speed of the wind turbine. Varying wind speeds (below the rated wind speed of the turbine) cause varying
rotor torques. This causes variations in the rotational speed of the rotor if no (adaptive) counter torque is
produced. The spear valve works as a resistance; by closing or opening the spear valve, the pressure in the
high pressure line can be controlled and in that way the hydraulic pump will be able to give a proper counter
torque to control the wind turbine. The hydraulic energy produced by the hydraulic pump is converted back
into mechanical energy by using the spear valve and a Pelton turbine. The Pelton turbine is attached to a
generator, which will produce electrical energy.

The main advantage of using a hydraulic drive train compared to a conventional drive train using a gearbox is
the fact that conversion losses and friction losses are limited. By not using a gearbox, having a large chance of
failure [4], the system can be made more reliable and less vulnerable for failures, meaning less maintenance is
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4 1. Introduction

required. On top of that, the entire wind turbine can be designed lighter and less expensive, since a hydraulic
pump weighs much less then a gearbox and a generator. Therefore, the nacelle of the wind turbine becomes
lighter and thus the wind turbine tower and foundation can be designed simpler hence less expensive, allow-
ing for better scalability. Where most hydraulic systems work with oil due to its high viscosity, in this drive
train water is used. Water is known to leak faster, especially at higher pressures, but due to its non-toxicity
and high availability (at offshore locations), water is chosen as a medium for the DOT wind turbine.

A full-scale test of the DOT500, a 500kW wind turbine, was done at the Maasvlakte II in the Netherlands in
2016. The test setup included an oil loop between the turbine rotor and the water pump. During these tests,
a control strategy of the wind turbine was derived, using only the rotor speed as an input. The ability to
optimally capture wind of the wind turbine through control of the hydraulic pressure was demonstrated.
The working principle of both the conventional wind turbine as well as the hydraulic drive train wind turbine
will be elaborated in more detail in Chapter 3.

1.3. Problem Definition
With fresh water scarcity as one of biggest global problems, the desalination industry is a rapidly growing
industry. Nevertheless, one of the biggest negative aspects of it is its high energy consumption and impact on
climate change. This leads to a growing demand for sustainable solutions. Using conventional wind turbines
as an energy source causes new challenges and problems; several extra energy conversion steps are necessary.
On top of that, more (vulnerable) components requiring maintenance are needed, like a gearbox, making the
system less reliable. Due to the use of seawater as an hydraulic fluid and the lack of these high-maintenance
components, The DOT hydraulic drive train wind turbine as an energy source for Reverse Osmosis has a large
potential for tackling these problems. Implementing an Energy Recovery Device (ERD) can make the system
more efficient, but this is yet to be affirmed . The fluctuating nature of wind, however, can negatively affect the
systems flows and pressure and it is not known whether this influences the performance of a Reverse Osmosis
system with an Isobaric ERD. On top of that, the influence of the ERD on the stability and performance of a
wind driven RO-system is yet to be determined.

1.4. Thesis Objectives
This thesis focuses on fresh water production using Reverse Osmosis in combination with a hydraulic turbine.
The aim of this study is to investigate the combination of Reverse Osmosis with the hydraulic drive train wind
turbine, using a pressure exchanger Energy Recovery Device (ERD). In particular, this study focuses on the
influence of the ERD on the systems’ flows and pressures and the difference with a system that does not in-
clude an ERD. This will be investigated using both a numerical model and an experimental test setup.

The above-mentioned leads to the following research question:

What is the influence of a wind driven Reverse Osmosis desalination system with an Energy Recovery
Device on the performance and stability of a hydraulic wind turbine?

To answer the research question, several sub questions are stated:

1. What is the difference in performance of a desalination system with and without ERD?

2. How do different high pressure pump inputs and ERD settings influence flow rates and pressures of the
desalination system?

3. In which way does the RO system with an ERD affect the rotational speed stability and controllability of
the wind turbine?
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1.5. Approach
By answering each sub question, an answer to the main research question can be given. To be able to get the
answers, a certain approach has to be determined. This approach is shortly stated below:

• Literature study: During this phase, fundamental information regarding Reverse Osmosis, energy re-
covery and the hydraulic turbine is acquired. A design for combining the DOT hydraulic drive train
turbine with a Reverse Osmosis - ERD system will be made.

• Numerical model: A model, containing the governing equations for Reverse Osmosis with an ERD, is
created to predict the behaviour of a RO system with ERD for varying loads and settings. On top of that,
in the model, the RO-system will be coupled to an arbitrary hydraulic wind turbine to investigate the
stability and performance of a coupled wind driven RO-system.

• Experimental testing: A small scale experimental test setup is designed, constructed and used to inves-
tigate the behaviour of the RO system with ERD. It is analysed in what way varying ERD settings affect
system parameters, like flows and pressures.

• Result analysing: The results from the experiments will be compared to the theoretical results as ac-
quired through the model. This comparison will be discussed and concluded.

The scope of this thesis focuses on the influence of the Isobaric Energy Recovery Device on a desalination
system driven by an hydraulic wind turbine, as stated before. Both the numerical model and the experimental
tests cover the steady state reactions and interaction between RO-system, ERD and wind turbine (hydraulic
pump) and do not include any dynamic interaction between the systems. Electricity production and spear
valve interaction are shortly elaborated on but are not incorporated in the model and tests.

1.6. Report Structure
Taking the aforementioned approach in mind, a report structure is determined as shown in the figure below.
This structure is presented as a flowchart and includes the main steps that are taken in each chapter.

Chapter 1 introduces the topic of the thesis and state the problem definition and thesis objective.
In Chapter 2, fundamental information about Reverse Osmosis and the Energy Recovery Device is given.
Chapter 3 gives insight in the working principles of an (hydraulic) wind turbine.

In chapter 4, the fundamental equations regarding Reverse Osmosis with an ERD are given. Moreover, model
results concerning the differences between a system with and without ERD are given. In Chapter 5, the ex-
perimental setup, the conducted tests and the obtained results is elaborated on.

In Chapter 6, the coupling of an hydraulic wind turbine with a Reverse Osmosis system is made an a simplified
system design is discussed. The thesis ends with Chapter 7, in which a conclusion is drawn and recommen-
dations for future studies are given.
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2
Reverse Osmosis (RO) and the Energy

Recovery Device (ERD)

This chapter provides theoretical information about Reverse Osmosis (RO) and the Energy Recovery Device
(ERD). The importance is to understand the limitations of RO to be able to develop a reliable and efficient
system. First, fundamental information about RO and membranes is given. After that, the Energy Recovery
Device working principle is elaborated on.

2.1. Fundamental Information RO
For the production of fresh water by desalinating salt water numerous technologies are currently being
applied. The earliest commercial plants mostly used thermal evaporation or distillation of seawater [1].
Since the beginning of the 1970s, RO techniques are being used most often, reducing the costs of water
production by desalinating. [1]

Osmosis is the process where a weaker saline solution will tend to migrate through a semi-permeable mem-
brane to a strong saline solution. The salt water stream and a fresh water stream are separated by the semi-
permeable membrane (see Figure 2.1a). This membrane allows certain atoms or molecules to pass through,
depending on the size of these atoms or molecules.

(a) Osmosis principle. (b) Reverse Osmosis principle.

Figure 2.1: Left: Osmosis Principle (2.1a), Right: Reverse Osmosis principle (2.1b) [6].

Reverse Osmosis is this process but in reverse. Whereas osmosis occurs without the need of external energy,
for RO energy (pressure) needs to be applied to the saline part to overcome the so called osmotic pressure
(see Figure 2.1b).Typical values for osmotic pressures of seawater lie around 25 to 30 bars. When producing
pressures higher than the osmotic pressure, water is being desalinated. Typical feed pressures in seawater
applications necessary to overcome the osmotic pressure and to optimally desalinate the seawater lie in the
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range from 60 to 80 bar [7].

The semi-permeable membrane that is used in RO processes allows water to flow through, but most of the
dissolved salt, organics, bacteria and pyrogens are not able to pass through and will end up in the reject
stream [8]. This is the stream of water that did not manage to pass through the membrane. The polymer
material that is used in RO-membranes makes it possible to reject particles up to 10−10 meters [7]. The
common RO desalination techniques make use of cross-flow filtration using spiral wound membranes [9],
see Section 2.2. Figure 2.2 simplistically shows this cross-flow principle where feed water is pumped through
the membrane. Having forced the saline water through the membrane, two outlet streams are created. One
is called the permeate (or fresh) water stream which is a low pressure flow and contains little to no salts and
contaminants. The second one is the reject stream, or concentrate. This is a high pressure flow containing all
contaminants that were not able to pass through the RO-membrane. The permeate is considered to be the
product of desalination.

Figure 2.2: Schematic showing the configuration of the RO membrane system.

2.2. Spiral Wound Membrane
The working principle of the spiral wound membrane is explained using Figure 2.3. Spiral wound membranes
are loaded into pressure vessels during operation. Feed water is forced through the feed spacers (by applying
pressures higher than the osmotic pressure). To be able to achieve this high pressure, a certain flow resistance,
or back pressure, has to be created on the back side of the RO membrane. This is done using a throttling valve,
which is placed in the concentrate outlet, as depicted in Figure 2.2. By throttling this valve, the back pressure
can be adjusted according to what is necessary. When not having a valve, no pressure can be build up and the
feed water will just flow through the membrane, from the feed inlet side directly to the concentrate outlet side.
When the system operates at a high pressure, permeate passes thought he semi-permeable membrane into so
called permeate channels. In a spiral direction, the permeate flows to the centre pipe of the membrane, where
all the permeate is collected and is then transported to the end of the membrane at atmospheric pressure.
The feed water becomes more saline when flowing through the membrane, at the end so called concentrate
water (high pressure brine) remains and exits the membrane via another channel.

Figure 2.3: RO membrane inside working principle [9].
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2.3. Membrane Performance
Recovery ratios of RO vary from 35% to 85%. This means that up to 85% permeate water can be obtained
from the feed water stream. The ratios depend on the composition of the feed water, salinity, pre-treatment
and concentrate disposal options. Typically, recovery ratios of around 30% to 50% are achieved in Seawater
Reverse Osmosis (SWRO) installations [10]. The permeate, or product, usually has around 98% to 99.8%
of the dissolved salts (NaCl) removed from it. This is clearly shown in Figure 2.4. At very low salinities, a
relatively high salt passage can be seen. However, as the feed waters’ salinity increases beyond a certain
point, it rapidly decreases. From a salinity between 500 mg/L and 1000 mg/L, the salt passage gradually
increases again. The figure shows tests with five different RO elements all having different specifications.

Figure 2.4: Percentage of NaCl passing through a membrane [10].

To increase recovery ratios, an increase in both feed pressure and permeate flow rate (or flux) is required.
With an increasing permeate flux, the permeate salinity decreases [7] due to the increase in dilution.
However, this means the concentrate stream becomes more concentrated, leading to an increase of the
local osmotic pressure (as can be seen in the example in Figure 2.5) and salinity at the membrane surface,
which can lead to an increase of salt precipitation and fouling (solution or a particle deposited on the
membrane surface), leading to a degraded membrane performance. To avoid build-up of contaminants,
cross flow filtration allows water to sweep away contaminants build up. On top of that, it allows for sufficient
turbulence to keep the membrane surface clean. Temperature increase of the feed water also has influence
on the salt permeability. At temperatures below 30°C, an increase in feed water temperature results in a
lower feed pressure needed to operate the system. However, further increase in temperature leads to an
increase in osmotic pressure which can affect the power consumption of the RO system. Figure 2.6 shows
the influence of four of the most important characteristics on the membrane performance [11], which is
pictured as permeate flux and salt rejection in this figure.

RO systems usually operate constantly at a constant production rate. The performance of RO systems is
affected by numerous factors and system settings. Figure 2.6 shows the influence of several parameters on
the RO performance [11]:

In Figure 2.6a, the influence of an increase in feed water concentration is shown, assuming that the feed
pressure is constant. As can be seen, an increasing concentration results in an decrease in permeate flux. As
the permeate flux decreases, so will the salt rejection. This phenomena can be explained by looking at the
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Figure 2.5: Recovery effect on hydrostatic pressure and concentrate osmotic pressure (Total Dissolved Solids
(TDS): 34,000 mg/L) [10].

equation for the permeate concentration Cp , given by Bergman [11]:

Cp = KsC f

Kw∆P +∆π( 2−2γ
2γ )+Ks

(2.1)

Here, Ks is the solute mass transfer coefficient, C f the concentration of the feed water, Kw the membranes
permeability coefficient, ∆p the pressure difference over the membrane,∆Π the osmotic pressure and γ the
recovery rate.

This equations shows that an increase in feed water concentration results in an increase in permeate con-
centration, which leads to a decrease in permeate flux and vice versa. From Equation 2.1, it can also be seen
that as the recovery increases or decreases, the permeate concentration increases or decreases respectively,
which can also be seen in Figure 2.6c.

The osmotic pressure ∆Π can be defined as follows:

∆Π= δCe f f (T +273) (2.2)

In this equation, δ is a constant relating effective concentration to osmotic pressure, Ce f f is the effective
average concentration at the membrane surface and T is the water temperature in °C. In Chapter 4 this
equation will be elaborated in more detail. As can be seen from the given equation, the osmotic pressure is
a function temperature. An increase in temperature results in an increase in osmotic pressure. Combining
this with Equation 2.1, an increase in temperature thus results in a decrease in permeate concentration,
which leads to an increase in permeate flux, which is shown in Figure 2.6d. At last, as pressure increases, the
permeate concentration decreases; as pressure decreases, the permeate concentration increases. This can
be seen in Figure 2.6b.

When combining RO with wind energy, constant feed pressures can not be guaranteed due to the varying
nature of wind. As can be seen in Figure 2.6, varying pressures would result in varying permeate flux. To keep
the permeate flux constant (maximal), a solution for this effect should be thought of.

R.A.G. Smits Master of Science Thesis



2.4. Energy Recovery Device (ERD) 11

(a) Effect of increasing feed water con-
centration on the flux and salt rejec-
tion.

(b) Effect of increasing feed water pres-
sure on the flux and salt rejection.

(c) Effect of increasing recovery on the
flux and salt rejection.

(d) Effect of increasing feed water tem-
perature on the flux and salt rejection.

Figure 2.6: Top Left:increasing concentration(2.6a), Top Right:increasing pressure (2.6b) , Bottom Left:increasing recovery(2.6c) , Bottom
right: increasing temperature(2.6d) [11].

2.4. Energy Recovery Device (ERD)
Nowadays, desalination processes have become standardised. One of the reasons RO systems have become
more efficient is that Energy Recovery Devices (ERD) are used in the desalination process. In this section,
fundamental information about Energy Recovery Devices will be given. On top of that, it is explained which
ERD is most efficient and will be used for the experimental part of this thesis.

An Energy Recover Device is important for a seawater Reverse Osmosis (SWRO) system. An ERD helps to
reduce the systems power consumption per produced volume of permeate(and thus costs), and depending
on which type of ERD is used, this reduction can be up to 60 percent [12]. The basic principle of an ERD
is to recover energy from the high pressure concentrate stream [7]. A typical pressure drop over the RO
membranes (pressure difference between the feed stream and the concentrate stream) is around 1.5 to 2
bar [12], meaning the pressure in the concentrate stream will be nearly as high as the inlet pressure hence a
potential energy is still stored in this stream.

2.4.1. ERD Classifications
Energy Recovery Devices can be divided into two general classes [13]. The first class (Class I) defines devices
that use hydraulic power to cause a positive displacement within the recovery device, such that the energy is
converted from hydraulic energy to hydraulic energy in one step. Figure 2.7 shows this principle [14].
Class II defines devices that use hydraulic energy to first convert it to mechanical energy and then back to
hydraulic energy. This can be done by using a Pelton turbine (mechanical) and a generator to produce power,
and then use this power to power a pump (hydraulic). Transferring hydraulic energy at once is more efficient
than secondary transference. Therefore, the hydraulic energy transfer efficiency of Class I is higher than that
of Class II [15].
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12 2. Reverse Osmosis (RO) and the Energy Recovery Device (ERD)

Figure 2.7: Example of a setup with a Class I Pressure Exchanger ERD.

Within each class, different types of ERDs can be distinguished, some of which are more suitable to be used in
larger scale RO systems and some that are mostly used in small scale systems. In this section, the ERD chosen
to work with during this thesis is elaborated in more detail. The choice for this ERD will be explained and the
working principle of this ERD is elaborated in more detail. Please refer to Appendix D for an elaboration of all
types of Energy Recovery Devices.

2.4.2. Pressure Exchanger ERD
The most efficient and widely used ERD nowadays, that is also categorised by Class I, is the Pressure
Exchanger Energy Recovery Device, also known as PX or Isobaric ERD. As Class I defines, this ERD transfers
hydraulic energy to hydraulic energy directly. This is done by the use of a rotating piston, first designed by
Energy Recovery Inc [16]. The working principle is explained by the use of Figure 2.8.

Figure 2.8: iSave Pressure exchanger Energy Recovery Device working principle [17].

1. The rotor (depicted as the grey cylinder) rotates in the direction as shown by the green arrow. This is
done using an electric motor. Depending on the flow velocity of the concentrate flow, the rotational
speed is chosen. The rotor consists of several chambers. While rotating, a chamber is filled with low
pressure feed water, provided by a boost pump. This water replaces the low pressure concentrate wa-

R.A.G. Smits Master of Science Thesis



2.4. Energy Recovery Device (ERD) 13

ter that was in the chamber. Mostly, an abundant amount of feed water is provided to make sure all
concentrate water is cleared from the chamber.

2. While rotating, the chamber is fully filled with low pressure feed water.

3. The high pressure concentrate pushes out the low pressure feed, directly converting the hydraulic en-
ergy of the concentrate water to the feed water. In this way, the low pressure feed becomes a high
pressure feed stream. This feed stream will feed the RO membranes.

4. All the feed water is pushed out of the chamber and the chamber now fully contains low pressure con-
centrate water. Now we are back to step one where the cycle repeats.

Since there is no physical barrier between the feed water and the concentrate, a small part of the concentrate
will mix with the feed water, leading to a slight increase in salt concentration of the high pressure feed
water stream. This mixing can be (mostly) accounted for by supplying more low pressure feed water then
there is concentrate water. The performance of the pressure exchanger can be determined by its energy
transfer efficiency and the degree of mixing. The efficiency of the PX ERD can be seen as the ratio of the total
energy output by the device to the total energy input (in a percentage). The rotational speed can be up to
approximately 1500 rounds per minute (RPM), depending on the length of the rotor and the flow rate of the
concentrate.

Pressure Exchanger ERDs are mostly used in medium to large scale desalination systems, since it is most
efficient to use at high concentrate flows. Nowadays however, more and more small scale PX ERDs are being
developed, meaning they can compete with, for example, turbocharger ERDs in small scale operations.

As being the most efficient Energy Recovery Device, which can nowadays be used in mostly all size of RO
systems, and taking in mind the potential plan for DOT to use it for a larger scale (pilot) setup, the Isobaric
Pressure Exchanger ERD is chosen to be used for the experimental test setup. The model of ERD is the
Danfoss iSave 21 Plus Energy Recovery Device (iSave 21) [18].

The iSave 21 is an ERD that can operate at concentrate flow rates varying between 6 m3

hr at a rotational

speed of 500 RPM, and 21 m3

hr at a rotational speed of 1500RPM. The rotational speed of the ERD is actively
controlled using an electric motor. A positive displacement pump is directly attached to the same shaft of the
motor and pressure exchanger. This pump is used to recirculate the flow in the ERD setup and overcomes the
pressure difference between the inlet of the membranes and the outlet of high pressure feed stream of the
ERD. The high pressure (HP) flow rates are linearly dependent on the RPM. The rotational speed of the ERD
only influences the HP flow rates, the low pressure (LP) flow rates can only be influenced by changing the
rotational speed of the feed pump. The recovery rate of the RO membranes can be influenced by changing
the RPM of both the ERD and the High Pressure Pump. In Figure 2.7, all flows can be distinguished. Figure
2.9 presents the iSave 21 Plus is shown.

One of the main characteristics of a desalination system that makes use of an iSave Energy Recovery Device
is the fact that the permeate flow rate is nearly identical to the feed flow rate provided by the high pressure
pump. A small part of the flow provided by the high pressure pump is used to lubricate the ERD, also referred
to as leakage and is a percentage of the high pressure flow rate of the ERD. A typical leakage percentage
lies around 1%, according to Bergman [11]. The rest of the flow coming from the high pressure pump can
be turned into permeate regardless the recovery rate of the system, until system limits are reached, like the
maximum allowed feed flow rates of the membranes. In comparison: for a system that does not make use of
an ERD, the amount of feed flow that can be converted into permeate depends only on the recovery rate. The
relation between recovery rate, leakage flow and permeate production for a system with and without ERD is
given by Equation 2.3 and is based on findings by Stover [19]:

Qp,ERD

Qp,noERD
= 1

(1− (1−L)(1−γ)
(2.3)

Here, Qp,ERD is the permeate flow rate for a system with isobaric ERD and Qp,noERD the permeate flow rate
for a system without ERD. γ is the recovery rate and L the leakage percentage of the ERD. From the equation
can be seen that a higher recovery rate results in a smaller ratio, and thus a smaller difference between the
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14 2. Reverse Osmosis (RO) and the Energy Recovery Device (ERD)

Figure 2.9: iSave 21 Plus Energy Recovery Device as it just arrived at DOT B.V.

two systems.

The implementation of the iSave 21 in a RO-model will be further elaborated Chapter 4, where the governing
equations are given and the model is discussed. Chapter 5 shows the ERD in the MicRODOT experimental
test setup.

2.4.3. Losses of a Pressure Exchanger ERD
In the case of using a pressure exchanger as ERD, hydraulic losses are the most important thing to take into
account since this affects the efficiency. These losses include mixing, leakage, overflush and differential head
[16]. Of each loss, a short explanation is given below:

• Mixing: Contamination of the high pressure feed seawater by the concentrate stream, prior to the sea-
water entering the membranes. The higher the mixing rate, the greater the power consumption of the
high pressure pump, since the concentration of the feed water increases and thus the Osmotic Pressure.
A typical mixing rate is less than 2.5% .

• Leakage: The direct discharge of high pressure concentrate to the low pressure concentrate stream. To
compensate this, the high pressure pump must produce a higher flow and thus consume more power.
A typical leakage rate lies around 1%.

• Overflush: The direct discharge of the seawater feed stream from the low pressure feed line directly to
the low pressure concentrate line. This is mainly done to remove remaining brine from the ERD before
filling it with feed water again.

• Differential head: A high-pressure differential results from a pressure drop between the reject stream
and the feed outlet stream, meaning the high pressure pump has to account for this pressure difference.
This differential head can cause at both the high and low pressure side. A low-pressure differential
happens when the pressure difference between the feed inlet and the brine outlet is too high. In this
case, the feed pump needs to supply a higher pressure and will thus consume more energy.
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3
Hydraulic Drive Train Wind Turbine

As this thesis describes the combination of the DOT hydraulic drive train wind turbine with Reverse Osmosis,
it is necessary to have an understanding of all sub-systems. In this chapter, first the working principle of a
general wind turbine is explained. After that, the hydraulic drive train wind turbine will be elaborated and a
link to combining it with a Reverse Osmosis system will me made.

3.1. Wind Turbine - General Working Principle
By extracting power from the wind, a wind turbine is able to produce electricity. The amount of power
extracted depends on several aspects, of which the size, geometry and environmental wind conditions are
the most influential. A wind turbine rotor converts wind energy into to kinetic energy in the form of torque
and angular velocity. By using a gearbox, attached to the rotor via a shaft, this torque is decreased and
the rotational speed is increased. Attaching the gearbox to a generator, this rotation can be converted into
electricity, which is then transported using the grid.

Each turbine has its own shaped power curve. Figure 3.1 shows the ideal power curve shape of an arbitrary
horizontal-axis, variable speed, pitch controlled wind turbine. The three regions shown in the figure have
different objectives. Below the cut-in wind speed, the turbine will not rotate, since it is not cost-effective
to keep it running. In region 1, between the cut-in wind speed (vci ) and v2, the wind turbine operates at
maximum efficiency. At wind speed v2, where the nominal rotation speed is reached, the optimal tip speed
ratio(λ) and the corresponding maximum power coefficient (CP ) is reached. In region 2, between v2 and the
rated wind speed vr ated , the nominal power output is achieved by increasing the rotor torque. In region 3,
from the rated wind speed until the cut-out speed (vco), the power is kept constant. This is done by keeping

Figure 3.1: Ideal power curve of a wind turbine [20].
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16 3. Hydraulic Drive Train Wind Turbine

the rotational speed and torque constant by pitching the turbine blades. After reaching the cut-out wind
speed, the turbine is shut down, mainly to prevent structural damage.

To be able to determine the power curve of a horizontal axis wind turbine, the power that the turbine extracts
from the wind has to be calculated [21], starting with the equations for determining the tip speed ratio, λ,
of the wind turbine, as can be seen in Equation (3.1). The tip speed ratio is defined as the ratio between the
speed of the rotor blade tip and the free relative stream wind speed, Ur el .

λ= ωr R

Ur el
, (3.1)

Here, ωr is the angular velocity of the wind turbine and R the radius of the turbine. The aerodynamic power
and torque of the turbine can be determined as follows:

Paer o =CP
1

2
ρai rπR2U 3

r el (3.2)

τaer o =Cτ
1

2
ρai rπR3U 2

r el (3.3)

where ρai r is the density of the air, CP is the power coefficient and Cτ the torque coefficient of the turbine.

The expression for the power coefficient is defined as follows:

CP = Paer o

Pwi nd
= τr otorωr

1
2ρai rπR2U 3

r el

(3.4)

The expression for the torque coefficient is defined as follows:

Cτ = τaer o
1
2ρai rπR3U 2

r el

(3.5)

Combining Equation (3.1), (3.4) and (3.5) gives the following relation between CP and Cτ:

Ct =
Cp

λ
(3.6)

To be able to find the optimal static relationship between the aerodynamic torque as a function of the rotor
speed [21], Equations (3.1) and (3.6) can be inserted into Equation (3.3):

τaer o = K1ω
2
r (3.7)

where,

K1 =
CP,max

λ3
P,max

1

2
ρai rπR5 (3.8)

In Figure 3.2, the theoretical optimal performance for different wind speeds and rotational speeds can be
found as described by Equation 3.7. In this figure, the intersection point between the dashed line, which
represents CPmax , and the lines denoting the torque per wind speed is the optimal point of performance for
the turbine at that wind speed.

To be able to produce electricity, a generator is used. In the nacelle of most conventional wind turbines,
the generator is connected to the rotor via shafts and a gearbox. The aerodynamic torque on the rotor, as
described by Equation 3.3, should be in an equilibrium with the torque from the generator. Whereas the
aerodynamic torque is a function of the angular velocity of the rotor, the generator torque is expressed as a
function of the angular velocity of the generator ωg en and a transmission ratio of the gearbox G [21]. The
definition for the generator torque is as follows:

τg en = K2ω
2
g en (3.9)

K2 =
CP,max

G3λ3
P,max

1

2
ρai rπR5 (3.10)

In these equations, it is assumed that the shaft is rigid.
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Figure 3.2: Optimal aerodynamic performance, following a quadratic relation between aerodynamic torque
and the angular velocity of the rotor, denoted by the dashed line [21].

3.2. Hydraulic Wind Turbine
As explained in Subsection 1.1.2, the gearbox of an conventional wind turbine is the part that is most prone
to breaking [4]. Excluding a gearbox from the drive train would both simplify and reduce maintenance. As
mentioned in Section 1.2, using a hydraulics drive train would have many benefits. This section will provide
insight in the working principle of the hydraulic drive train.

A hydraulic drive train wind turbine makes use of a positive displacement pump in the nacelle. A schematic
overview of such a drive train is given in Figure 3.3. In order to operate safely and extract power from the
wind as efficient as possible, the speed of the rotor has to be controlled. Since the rotor torque is determined
by the wind speed, which is an environmental parameter and can not be influenced, the angular velocity
below rated wind speeds has to be regulated by applying a counter torque. For a wind turbine that uses a
hydraulic drive train, the counter torque is given by a (positive displacement) hydraulic pump. In the case of
the DOT principle, a nozzle is located in the high pressure line of the pump. By opening or closing this nozzle,
the pressures can be affected hence the torque of the pump can be controlled. The equations for balance
between the rotor torque , τr otor , and the pump torque, τpump is described by Equation 3.11 [20]:

Jt ω̇r = τr otor −τpump (3.11)

Here, Jt is the total combined mass moments of inertia of the aerodynamic rotor and the pump. ωr is the
rotational speed of the rotor. By influencing the pump torque, the rotor speed can be adjusted. The rate of
how fast the speed can be adjusted is determined by the total inertia of the system. From Equation 3.11,
the influences of the torque values on the turbines rotor speed can be determined, as can be seen in Table 3.1.

Figure 3.3: Schematic overview of a hydraulic drive train.

As explained in Section 3.1, a wind turbine operates in different regions. Below the rated wind speed, a vari-
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18 3. Hydraulic Drive Train Wind Turbine

Table 3.1: Torque balances and influence on turbine angular velocity

τr otor > τpump ωr ↑
τr otor < τpump ωr ↓
τr otor = τpump ωr constant

ation in wind speed will result in an variation in rotor torque. Above the rated wind speed, this variation is
accounted for by pitching the blades. To prevent the turbine from constantly accelerating with increasing
wind speeds below the rated wind speed, the pump torque is (actively) controlled to give proper counter
torque. By controlling the counter torque, the turbine is able to operate at its highest aerodynamic efficiency.
The relation between the pump torque and the rotor speed is as follows:

τpump = Qpump∆ppump

ωr
(3.12)

Here, ∆ppump is the pressure difference over the pump. Assuming the discharge pressure to be significantly
higher than the inlet pressure, this pressure difference is taken to be equal to the discharge pressure of the
pump. The DOT hydraulic drive train uses a spear valve as a nozzle to influence this pressure. Such a valve is
depicted in Figure 3.4. At a given rotational speed, the positive displacement pump provides a certain flow.
Theoretically, this flow changes proportionally with rotational speed, regardless the pressure it operates at.
A slight increase in internal leakage for increasing pressure,however,prevents it from being truly linear. The
flow provided by the pump flows through the spear valve. The relation between the pressure and the flow
going through the spear valve QSV is given by Equation 3.13 [22]. Assuming one spear valve is used, QSV is
equal to Qpump .

Q2
SV = 2∆pSV C 2

d A2
SV

ρw ater
(3.13)

Where ∆pSV is the pressure drop across the spear valve, ASV is the effective area of the spear valve, Cd is the
discharge coefficient and ρw ater is the density of the medium, in this case water. ASV can be changed by
changing the spear valves’ position S, as can be seen in Figure 3.4. Assuming that the pressure at the outlet of
the valve is atmospheric, ∆pSV is equal to the pressure at the pump side of the nozzle and thus it can be said
that ∆pSV is equal to ∆ppump . Rewriting Equation 3.13 using this relation will give Equation 3.14

∆ppump = 1

2

Q2
SV ρw ater

C 2
d A2

SV

(3.14)

where ASV =πD2
N Z
4

Figure 3.4: Cross section of a spear valve [22].

The spear valve area is the only parameter that can be directly influenced by changing the spear valves po-
sition, denoted as S in Figure 3.4. Opening the spear valve, and thus increasing the area, would result in a
decrease in pressure. Closing the spear valve would results in an increase in pressure.
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3.3. Hydraulic Wind Turbine with RO and an ERD
In this section, the combination of the DOT hydraulic drive train wind turbine with Reverse Osmosis will be
shortly explained based on theory previously presented. As aforementioned, the output of a hydraulic drive
train in a wind turbine is a high pressurised (HP) flow, and in the case for DOT, the used medium is seawater.
Besides using this HP flow to produce electricity by the means of a spear valve and Pelton turbine, using the
flow for desalination can be a very interesting and a well suited combination. As explained in Section 3.2, the
spear valve is used to both control the turbine as well as produce electricity by jetting the high pressure flow
via the valve on a Pelton turbine. For this thesis, focus will be on replacing the spear valve with an RO + ERD
system, as schematically shown in the figure below. It will be researched how the RO+ERD system influences
the system’s flows and pressures and whether the system can be actively controlled and can operate stable
without the use of a spear valve. This is shown schematically in Figure 3.5, where Q f , Qp and Qc refer to the
feed, permeate and concentrate flow respectively.

Figure 3.5: Schematic overview of a hydraulic drive train that includes an Reverse Osmosis system with an
ERD.

The following chapters will elaborate on all subsystem required to combine the hydraulic turbine with a Re-
verse Osmosis system, both by giving fundamental information as well as describing the governing equa-
tions. In Chapter 6, the total setup combination will be explained into more detail and modelled results will
be shown. Figure 3.6 gives an impression of what wind driven reverse osmosis system can look like. In the
figure a combination of Seawater Reverse Osmosis with electricity production is shown, although the spear
valve and Pelton turbine will not be discussed and analysed in this research.

Figure 3.6: Impression of what a future setup might look like. Note that this thesis does not focus on imple-
menting the spear valve and Pelton Turbine.
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4
Numerical Model on Reverse Osmosis with

an ERD

In this chapter, first the fundamental equations for Reverse Osmosis and the Energy Recovery Device will be
elaborated. Then, a combination of RO with an ERD will be given and a comparison of a system with and
without ERD will be shown, using a numerical model. These model results will be compared to the results
obtained from the experimental tests shown in Chapter 5. In Chapter 6, the implementation of a hydraulic
drive train wind turbine in the desalination process will be modelled and elaborated by equations and results.

4.1. Reverse Osmosis Membrane
This section will discuss the theory of Reverse Osmosis and the governing equations used. To start with, there
is a mass balance across the RO membrane. This equation is given in (4.1)

ṁ f = ṁc +ṁp , (4.1)

where ṁ f ,ṁc and ṁp are the mass flow rates of respectively the feed, concentrate and permeate flows. The
equation for conservation of mass can be rewritten as equation (4.2).

v f A f ρ = vc Acρ+ vp Apρ, (4.2)

Here, v is the flow velocity and A is the piping area for the feed, concentrate and permeate streams. Since it
is assumed that fluids are incompressible, the density remains constant at higher pressures. Therefore, there
is no change in density ρ over the membrane, and thus equation (4.2) can be rewritten as (4.3).

v f A f = vc Ac + vp Ap , (4.3)

Each term of v A is equal to the volumetric flow rates of each stream, given in (4.4).

Q f =Qc +Qp (4.4)

The water flux through the membrane [11], Jw , can be determined as shown in equation (4.5). It is expressed

as kg
m2s

, or units of mass flow per area per time, in this case seconds.

Jw = Kw (∆p −∆Π) = vp Apρ

Am
(4.5)

In here,∆p is the hydrostatic pressure difference over the membrane and∆Π the osmotic pressure difference.
Kw is the permeability coefficient of the membrane and Am the area of the membrane. The term ∆p −∆Π is
called the net driving pressure, or N DP . The net driving pressure is the actual driving pressure available to
force the water through the membrane.
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The permeability (or mass transfer) coefficient Kw can be written as follows:

Kw = cw uw Dw Sw

lRT
(4.6)

Here, cw is the water mole concentration, uw the partial molar volume of water, Dw the water diffusion
coefficient, Sw the water solubility, l the thickness of the membrane, R the ideal gas constant and T the
temperature of water. Mostly, the permeability coefficient is determined experimentally, since it is generally
influenced by the type of membrane used.
When knowing the flow rates of each stream, it is possible to determine the permeate recovery rate,γ, as
follows from equation (4.7);

γ= Qp

Q f
·100% (4.7)

The permeate stream always has a certain amount of salts and solids dissolved (Total Dissolved Solids,or
TDS). The salt passage through the membrane,SP can be calculated, using the concentration of both the feed
stream, C f and the permeate stream, Cp . This calculation is shown in equation (4.8)

SP = Cp

C f
·100%, (4.8)

and from this, the salt rejection, R, can be easily determined (4.9):

R = (1− Cp

C f
) ·100% (4.9)

Just as for the water flux, the dissolved solute (or salt) flux through the membrane, Js , can also be derived.
This derivation is shown in equation (4.10).

Js = Ks (Cm −Cp ) (4.10)

In this equation, Ks is the salt permeability coefficient of the membrane and Cm the concentration at the
membrane surface. Cm is equal to the average concentration of the feed stream and the concentrate stream,

or
C f +Cc

2 . The salt permeability coefficient can be found as follows:

Ks =
QpCp

Am∆C
(4.11)

In this equation, ∆C is the concentration differential, which is given in (4.12):

∆C = (Cm −Cp ) = C f +Cc

2
−Cp (4.12)

Using equation (4.11), equation (4.10) can be rewritten into equation (4.13):

Js =
QpCp

Am
(4.13)

R.A.G. Smits Master of Science Thesis



4.2. Energy Balance around Gate Valve 23

4.2. Energy Balance around Gate Valve
Bartman et al. [23] developed a fundamental model that represents a Reverse Osmosis desalination system.
This model is based on an mass-equilibrium around the entire system and an energy balance taken around
the gate valve in the concentrate stream. The gate valve creates a back pressure, such that the desalination
process can take place. Figure 4.1 shows this simplified system for modelling.

Figure 4.1: Simplified Reverse Osmosis desalination system for modelling.

This subsection will only cover the balance around the gate valve. When knowing all equations for each
subsystem, the total system will be elaborated. For the energy balance around the gate valve, the following
equation (4.14) is used:

d

dt
(Ek,tot +Ep,tot =−∆

(1

2

v3

v
+Ep + p

ρ

)
ṁ +Wm −Ev (4.14)

In this equation, the left-hand side represents the change in kinetic energy over the valve over time. On the
right-hand side, the following parameters can be distinguished: v is the averaged flow velocity in the pipe, Ep

is the potential energy due to difference in height, ṁ is the mass flow rate of the stream, ρ is the density of the
fluid, Wm represents the work done on the system and Ev represents the losses due to friction.
To be able to simplify this equation, several assumptions will be made:

• The height difference between the inlet and the outlet of the valve is null, meaning Ep = 0 and the
height of the system itself is negligible, so also Ep,tot = 0

• The flow velocity of both the inlet and the outlet is equal, so ∆v = 0

• The used fluid is in-compressible, meaning ρi n = ρout .

• Density does not change with changing salinity

• There is no external work done on the system, so Wm = 0

Using these assumptions, equation (4.15) can be written as follows:

d

dt
Ek,tot =−∆p

ρ
ṁ −Ev , (4.15)

The friction losses due to the valve,Ev can be approximated by using the following equation:

Ev = 1

2
evc ṁv2 (4.16)

Here, ev is the friction losses factor, which is a coefficient that represents the valve resistance to the flow going
through it. ev depends on the valve used and its characteristics. The total kinetic energy Ek,tot is the integral
of the kinetic energy over the total systems volume, 1

2 mv2, or 1
2ρV v2. This leads to the following equations

for the balance around the gate valve:

ρV
dv

dt
=−∆p

ρ
ṁ − 1

2
ev ṁv2, (4.17)
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In this formula, ev has not been determined yet. As explained earlier, ev is the valve resistance coefficient,
and it is related to the valve coefficient (or so called concept of valve) Cv for a valve in a water system, and can
be found in equation (4.18). Here, A is the area of the piping in which the valve is installed.

Cv = A√
1
2ρev

(4.18)

The valve coefficient is depending on both the type of the valve as well as the valves opening position. This
relation can be expressed empirically based on the following Equation 4.19:

Cv =µOv −φ (4.19)

In this equation, µ and φ are both constants that are depending on the type of the valve and must be deter-
mined experimentally. Ov is the valves opening position in percentages. By combining both equation (4.18)
and (4.19), the valve resistance coefficient evc can be found:

ev = 2

ρ

( A

µOv −φ
)2

(4.20)

4.3. Pressure Exchanger Energy Recovery Device
In this section, the governing equations for the Isobaric Energy Recovery Device (ERD) will be discussed. A
mass balance around the ERD will be elaborated as well as definitions for the phenomena volumetric mixing
(V M), overflush (OF ) and leakage (L) that occur when using an ERD as explained in Subsection 2.4.3 of
Chapter 2.

As can be seen in Figure 4.2, where an ERD is simplistically shown, the ERD has two in-going and two outgoing
flows. This is also explained in Subsection 2.4.2. In the figure, Q f ,LP,ERD represents the low pressure seawater
feed stream going into the ERD, Q f ,ERD refers to the pressure feed stream exiting the ERD. Qc is the high
pressure concentrate stream and Qc,LP,ERD is the low pressure concentrate stream.

Figure 4.2: Simplistic visualisation of the ingoing and outgoing flows of an ERD.

From Figure 4.2, the mass balance around the ERD can be obtained, given by Equation 4.21. For this mass
balance, it is assumed that the density of each stream is equal and an increase in concentration does not
affect the density, therefore it can be said that the mass balance can be expressed as a balance of flows.

Q f ,LP,ERD +Qc,LP,ERD =Q f ,ERD +Qc (4.21)

Within the ERD, the energy from the concentrate is transferred directly to the seawater stream, without the
use of a physical barrier. This mechanism allows for some mixing of concentrate into the seawater (VM).
Another term that has to be accounted for is leakage (L), which occurs at the seals of the isobaric chambers.
First, an expression for the mixing rate is determined. For this, the ERD is divided into two parts, as can be
seen in Figure 4.3.
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4.3. Pressure Exchanger Energy Recovery Device 25

Figure 4.3: Distinguished flows of a pressure exchanger ERD, used to determine mixing (VM), leakage (L) and
overflush (OF).

The mass balance around the left end of the ERD can be written as follows in equations (4.22), as described
by Stover and Gorenflo in [24]. Figure 4.3 is used to distinguish the flows in and around the ERD.

Q f ,l pC f ,l p +Q A′C A′ =Q f ,ERDC f ,ERD +QB ′CB ′ +QC ′CC ′ (4.22)

In this equation, Cx is the concentration of each stream x and Q is the flow rate of each stream. Here,
C f ,ERD =C A′ and C f ,l p =CB ′ =CC ′ .

A way to reduce this mixing phenomena is to supply excess seawater to clear the chambers of the rotary
pressure exchanger, as explained Section 2.4. This is called overflush. Overflush (OF ) is defined by the ratio
between the ingoing and outgoing feed water streams, and can be written as follows:

OF = Q f ,l p −Q f ,ERD

Q f ,ERD
(4.23)

and QC ′ can be determined as well:

QC ′ =Q f ,l p −Q f ,ERD =OF (Q f ,ERD ) (4.24)

The mixing flow QM is the flow that contains the feed water and includes a small amount of concentrate water,
and is defined as QM = Q A′ =QB ′ . Knowing this, inserting it in Equation 4.21 gives the following relation for
the volumetric mixing:

QM

Q f ,ERD
=V M = C f ,ERD −C f ,l p

Cc,hp −C f ,l p
(4.25)

The leakage of the ERD can be defined by the difference between the ingoing high pressure concentrate
stream Qc,hp and the outgoing high pressure feed stream Q f ,ERD as can be seen in equation (4.26):

L = Qc,hp −Q f ,ERD

Qc,hp
(4.26)

As explained by Stover and Andrews [25], there is no Equation established that determines the efficiency of
isobaric Pressure Exchanger ERDs. Based on experimental data and data provided by several manufacturers,
the overall efficiency of the isobaric ERD is determined to be between 90 and 97%.
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26 4. Numerical Model on Reverse Osmosis with an ERD

4.4. Reverse Osmosis System
Now that the equations and balances for each subsystem are known, they can be combined to end up with
the governing equations for a Seawater Reverse Osmosis system with an ERD. An overview of the system is
shown in Figure 4.4.

Figure 4.4: Simplistic overview of a Reverse Osmosis system for modelling, including ERD.

In the figure, the three subsystems treated in the previous sections can be distinguished. The figure shows
a setup that can be used both with and without ERD. When fully closing valve 2 and 3 while valve 1 is open,
the system can be seen as a desalination system without ERD. Valve 1 is in this case the concentrate valve,
used to deliver back pressure for the membranes. When fully closing valve 1 while valve 2 is fully opened,
the system can be considered as a desalination system with an ERD. Valve 3 is used to prevent cavitation
from occurring in the ERD and it is set in such a way that a minimum required pressure is realised at the low
pressure concentrate outlet.

4.4.1. Reverse Osmosis without an ERD
Substitution of Equations 4.1 and 4.3 in Equation 4.17 results in the following equation:

ρV
dvc

dt
= ps y s Ac − 1

2
ρAc evc v2

c , (4.27)

In here, V is the systems volume and evc the valve resistance of the valve in the concentrate stream. Ac is the
area of the concentrate piping, in which the valve is placed

To obtain the expression for the system pressure, the flow velocity of the permeate flow must be calculated,
given in Equation 4.28, which is also show by Bartman et al. [23]. To obtain Equation 4.28, Equation 4.5 is
used, where the pressure drop over the membrane is considered negligible, such that the pressure of the
concentrate stream is equal to the pressure of the feed stream. Therefore, ∆p is equal to ps y s :

vp = AmKw

ρAp
(ps y s −∆Π) (4.28)

Here, ps y s represents the pressure of the system. From which follows equation (4.29) when also using (4.3) to
account for the term Ap vp :

ps y s =
ρ(A f v f − Ac vc )

AmKw
+∆Π (4.29)
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The osmotic pressure, ∆Π, can be computed using the following equation (4.30):

∆Π= δCe f f (T +273) (4.30)

Where δ is a constant relating effective concentration to osmotic pressure, Ce f f is the effective average con-
centration at the membrane surface and T is the water temperature in °C. Ce f f can be obtained using the
following equation:

Ce f f =C f

(
a + (1−a)

(
(1−R)+R

v f

vc

))
(4.31)

In here, C f is the concentration of the feed stream, or the total dissolved solids in the feed (TDS), R is the salt
rejection of the used membrane as determined in Equation 4.9 and a is an effective concentration weighting
coefficient. A typical value for a is 0.5 [23], such that Equation 4.31 can be rewritten into Equation 4.32:

Ce f f =
1

2
C f +

1

2
C f

(
(1−R)+R

v f

vc

)
(4.32)

Now that all terms of ps y s are known, Equation (4.27) can be rewritten, where ps y s will be filled in, which
results in the governing equation for the RO system, Equation 4.33. Note that this equation focuses on desali-
nation without an ERD using the balance around the gate valve.

dvc

dt
= Ac (A f v f − Ac vc )

AmKw V
+ ∆ΠAc

ρV
− 1

2

Ac evc v2
c

V
(4.33)

4.4.2. Reverse Osmosis with an ERD
Equation 4.29 is shown as a function of the feed and concentrate areas and flow velocities. Using expression
4.3 and 4.4, this equation can be written in terms of the permeate flow rate:

ps y s =
ρQp

AmKw
+∆Π (4.34)

The permeate flow rate, Qp , is related to the flow coming from the high pressure pump as follows from Equa-
tion (4.35) Stover [19]:

Q f ,HPP =Qp
1− (1−L)(1−γ(Q f ,HPP ))

γ(Q f ,HPP )
, (4.35)

where γ is the recovery rate as determined by Equation (4.7) and Q f ,HPP is the flow coming from the high
pressure pump.

The total feed flow Q f for the membranes is a summation of two flows, as can be seen in Figure 4.4. First,
there is a flow coming directly from the high pressure pump, Q f ,HPP . Second, there is a feed flow coming
from the ERD,Q f ,ERD . Due to aforementioned losses like mixing, leakage and overflush in the ERD system,
the size of the low pressure feed flow Q f ,l p,ERD is higher than the the outgoing high pressure feed flow Q f ,ERD

to overcome these losses.

The mass balance in front of the membranes is given by the following Equation:

ṁ f = ṁ f ,hpp +ṁ f ,ERD (4.36)

As explained in Section 4.1, it is assumed that fluids are incompressible and thus the density is not influenced
by pressure. Equation 4.36 can be rewritten such that a flow balance is given:

Q f =Q f ,hpp +Q f ,ERD (4.37)

The influence of using an ERD on the feed concentration can be determined. C f ,ERD is defined using Equa-
tion 4.22 and 4.25:

C f =
Q f ,hppC f ,hpp +Q f ,ERDC f ,ERD

Q f
(4.38)
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4.5. Model Results
The numerical model discussed in this section is designed based on the components and settings used in
the experimental setup, which will be elaborated in Chapter 5. In this way, a comparison between model
and tests results is most reliable. The model will thus make use of the characteristics of the iSave-21 ERD,
the Hydroton Janus M30 Hydraulic pump and four DOW FILMTECH SW30-4040 membranes, placed in a
parallel configuration. The permeability coefficient of these membranes is obtained experimentally and
compared to results obtained using ROSA 9, a program for Reverse Osmosis System Analysis. A more detailed
explanation about the obtainment of this coefficient can be found in Subsection 5.4.1. As the experimental
tests have been conducted without the use of salt water, the feed concentration is relatively low. A similar
value for the concentration is used in the model.

The high pressure pump is a positive displacement pump, the provided high pressure feed flow rate is linear
proportional to its rotational speed (as can be seen in Appendix E). Using the experimental tests, the volu-
metric efficiency for the hydraulic pump is determined empirically based on rotational speed and pressure
of the pump. The volumetric efficiency accounts for leakage losses. In Appendix C, the determination of this
efficiency is found. The relation is shown in Equation 4.39:

Q f ,HPP =ωHPP Vpηhydr (4.39)

Here, ωhpp is the angular velocity of the pump in r ad/s, Vp the volumetric displacement in m3/r ad and
ηhydr the volumetric efficiency.

The hydraulic power supplied by the pump is a function of the flow rate and the systems pressure. This is
stated in Equation 4.40. The shaft power, or mechanical power, of the pump, describing the power of the
rotating pumps shaft, is given by Equation 4.41 and is defined by the torque (τHPP ) on the shaft and the
angular velocity of the pump (ωHPP ).

Phydr =Q f ,HPP ps y s (4.40)

Psha f t = τHPPωHPP (4.41)

4.5.1. Varying HPP RPM - Comparison of a System with and without ERD
As explained in Subsection 2.4.2, one of the characteristics of an RO system using an Isobaric Pressure
Exchanger ERD is that the flow rate coming from the high pressure pump is nearly equal to the amount of
permeate produced. The leakage (or lubrication) flow of the ERD accounts for the difference. Using a typical
leakage rate of 1% for the iSave ERD (Appendix E), a comparison between the two systems with and without
ERD is made based upon the relation permeate production per high pressure feed flow rate and rotational
speed. For this, the rotational speed of the ERD is taken such that the flow rate is constant at 7 m3/hr . The
relation for flow at different angular velocities can be found in Appendix E, at the specification section of the
iSave ERD.
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Permeate production
In Figures 4.5a, 4.5b and 4.5c, a comparison between the two systems is made. In Table 4.1, the input param-
eters are shown.

Table 4.1: Input parameters permeate comparison

Parameter Value Units
ωHPP 0-700 RPM
Vp 3.5e−5 m3/r ev
QERD 7 m3/hr
γ 10 %
L 1 %
nmem 4 -
Am 7.34 m2

δ 0.2641 Pa/ppm K
a 0.5 -
Kw 3.43e−9 s/m
R 0.993 -
C f 600 ppm
Tw ater 10 ◦C

The rotational speed of the high pressure pump is increased over time following a step function. According
to Equation 4.39, this results in a delivered flow that directly follows this curve. This RPM step function
is shown in Figure 4.5a. The permeate productions for both systems do follow this step response too, as
Figure 4.5b. From the Figures 4.5b, where the permeate production over time is shown, and 4.5c where the
permeate production per rotational speed can be seen, it can be observed that the use of an ERD has a large
influence on the amount of permeate produced compared to a system that does include one. The difference
between the HPP flow and the permeate flow with ERD as seen in the figure is caused by the leakage flow
of the ERD. When including an ERD that has a constant rotational speed in a system having a high pressure
pump rotating at variable speeds, it should be noted that no constant recovery rate can be obtained. The
recovery rate is defined as the ratio between permeate flow and membrane feed flow, as Equation 4.7 shows.
Using Equations 4.37 and 4.7, it is seen that the rotational speed (and thus flow) of the ERD should vary to
keep the ratio and recovery rate constant at varying hydraulic pump speeds. At the used constant ERD RPM,
the recovery rate at highest permeate production lies rate around 13%.
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Figure 4.5: Results for varying HPP RPM

In Section 2.4 Equation 2.3, the comparison of permeate production between the two systems is given by a

ratio
Qp,ERD

Qp,noERD
, where Qp,ERD refers to the permeate flow rate for a system with ERD and Qp,noERD to a system

without ERD. For different leakages percentages, the ratio over recovery rate is shown in Figure 4.6.
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Figure 4.6: The ratio between permeate productions decreases for increasing recovery rate.

From Figure 4.6, it can be concluded that a system with ERD produces a multiple amount of permeate water
compared to a system without ERD. Even if both systems have a recovery rate of 50% when using the same
high pressure pump (size), the system with ERD can produce up to twice the amount of permeate.

Power consumption per produced permeate
Using the obtained results regarding permeate production, the relation for power consumption per produced
unit volume of permeate can be determined. This is done using Equations 4.40 and 4.41 as well as the tech-
nical data of some of the simulated components (Appendix E). The power consumption is based on the ob-
tained maximum values of produced permeate as shown in Figure 4.5b. This is done such that the obtained
values can be compared to reference cases, since for these cases the power consumption is determined based
on a constant maximum permeate production rate. A concentration of 32000 PPM is used to simulate the use
of seawater.
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Table 4.2: Input parameters Power comparison

Parameter Value Units
ωHPP 700 RPM
ωERD 700 RPM
C f 32000 ppm
γ 10 %

The results between the two systems are presented in Table 4.3. For the determination of the power con-
sumption for a system with an ERD, the power consumption of the ERD is determined. This is done by
using the pressure drop measured across the membranes and the (average) pressure drop over the Isobaric
pressure exchanger. This is the total differential pressure that the positive displacement pump of the ERD
needs to add to the system. A system using an ERD would use 18% of the power that is needed to produce
the same amount of permeate without an ERD, according to the numerical model. For the calculations, the
power used by auxiliary components like feed pumps and sensors is not considered. In the table, reference
values are shown. For both systems, the obtained model values lie in the same order of magnitude. Probable
differences might be the use of different component characteristics (like different hydraulic pumps) and the
inclusion of auxiliary components.

Table 4.3: Power per produced unit of permeate at 10% recovery rate

Value Units
Power consumption system with ERD (model) 3.01 kWh/m3

Power consumption system with ERD (iSave Selection Tool, Danfoss) 3.23 kWh/m3

Power consumption system without ERD (model) 16.6 kWh/m3

Power consumption system without ERD (ROSA [26]) 18.62 kWh/m3

4.5.2. Varying ERD RPM
Aforementioned in Section 3.2, the hydraulic wind turbine control is based on influencing pressures in the
system which affects the torque of the hydraulic pump. This is done to counteract the rotor torque during
varying wind speeds, especially in the region below the rated wind speed. In the original design of the
hydraulic drive train, influencing this pressure is done using a spear valve in the high pressure line, since that
is the only parameter that can be controlled. The combination of the hydraulic wind turbine with Reverse
Osmosis and an ERD will result in another parameter that can be controlled; the rotational speed of the ERD.
In this subsection, the influence of varying the speed of the ERD on the pressure of the system is investigated.

Looking at Equations 4.30 and 4.32, the velocities of the feed and concentrate flows influence the effective
concentration and the osmotic pressure. Using that the feed and concentrate line both have similar areas,
Equation 4.32 is rewritten as function of flow rates. Using that the feed flow is a summation of the flow
provided by the ERD and the flow provided by the high pressure pump and the relation between concentrate
flow and ERD feed flow (Equation 4.26, the following equation (4.42) for the effective concentration Ce f f is
obtained:

Ce f f =
1

2
C f +

1

2
C f

(
(1−R)+R

Q f ,HPP +Q f ,ERD

Q f ,ERD

1−L

)
(4.42)

As the high pressure feed flow of the ERD directly follows the rotational speed, according to the above
mentioned equations this influences the effective concentration and osmotic pressure. Combining this
result with Equation 4.34, the results shown in Figure 4.7 are obtained. For this, the parameters shown in
Table 4.4 are used.
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Table 4.4: Input parameters variable ERD

Parameter Value Units
ωHPP 700 RPM
Vp 3.5e−5 m3/r ev
ωERD 500-1000 RPM
QERD 6-13.6 m3/hr
L 1 %
nmem 4 -
Am 7.34 m2

δ 0.2641 Pa/ppm K
a 0.5 -
Kw 3.02e−9 s/m
R 0.993 -
C f 600 and 32000 ppm
Tw ater 10 and 25 ◦C

In Figure 4.7, two curves are plotted; one for the case in which the feed concentration is similar to the
concentration of the water used at the experimental setup (600 PPM, Figure 4.7a) and one for the case in
which seawater is used as a medium (32000 PPM, Figure 4.7b). There is a clear difference in the magnitude
of the osmotic pressures between both cases, however in both cases it can be seen that the variation of ERD
speed does not influence the osmotic pressure significantly. For the seawater case, the maximum difference
is 1.42 bar.
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Figure 4.7: Osmotic pressure variation with changing ERD rotational speed for C f = 600PP M (left) and C f = 32000PP M (right).

Besides having an influence on the osmotic pressure, varying the rotational speed of the ERD influences
the recovery rate of the system. This conclusion can be drawn when combining Equations 4.35 and 4.37
and rewrite it for γ. This results in an varying permeate production and this will slightly influence the first
term of Equation 4.34. The total system pressure per rotational speed of the ERD for both concentrations
is presented in Figure 4.8. Note that in both cases, the maximum ERD speed is chosen at 1000 RPM. This
is done to prevent that the total feed flow delivered by both high pressure pump and ERD does exceed the
maximum allowed feed flow of the 4 membranes used in the experimental setup, such that realistic values
are obtained. The model results for the case with 600 PPM will be compared to the obtained results from the
experimental tests, since these tests are done with water having such an amount of particles dissolved.

From the numerically obtained results shown in Figure 4.8, it can be seen that can that a varying rotational
speed of the ERD has a small influence on the total systems’ pressures. For the case in which water with a
salt concentration of 600 PPM is used, the maximum influence of the ERD on the pressure is approximately
2.5 bar. In case of more saline waters, the ERD is able to affect the pressure by roughly 3.5 bar. As the pump
torque is linearly related to the pressure, it can be said that the effect of changing the rotational speed of the
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Figure 4.8: Total system pressure variation with changing ERD rotational speed for C f = 600PP M (left) and C f = 32000PP M (right).

ERD on the pump torque τpump is limited. To be able to draw conclusions regarding torque controllability
using the ERD, the experimental results shown in Chapter 5 will be used to validate the numerically obtained
results.

4.6. Concluding remarks
In this chapter, insight in the working principle of a Reverse Osmosis with an ERD has been given. The
obtained results will be compared to experimental tests in the Chapter 5. The results will also be used to
combine the system with a theoretical hydraulic wind turbine in Chapter 6.

According to theoretical data and the numerical model, permeate production is linearly related to the high
pressure pump rotational speed and flow rate. The amount of produced permeate using an ERD is signifi-
cantly higher compared to a system that does not include an ERD. Assuming a theoretical maximum possible

recovery rate of 50%, nowadays a recovery rate for (large) RO plants, the minimal ratio
Qp,ERD

Qp,noERD
equals

roughly 2, and increases for decreasing recovery rates. For a recovery rate of 10%, which is approximately the
maximum recovery rate of the experimental setup and the used rate for the numerical model, the difference
in power consumption is determined to quantify the performance of both desalination systems. For a RO
system with ERD, the power consumption for producing a unit volume of permeate is approximately 18%
of the power needed to produce the same amount of permeate without an ERD. This matches with results
obtained from literature.

Varying the rotational speed of the ERD seems to influence the systems pressure, but does not have a sig-
nificant effect. A large variation in rotation speed of the ERD results in a computed pressure difference of
maximally 3.5 bar. Hence the pump torque is not influenced much. The experimental test results are re-
quired to validate these results before conclusions can be drawn.
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5
Experimental Tests on Reverse Osmosis

with an ERD

The numerical model, as discussed in Chapter 4, is based on theoretical data and assumptions. As a results of
this, a difference in obtained results between the model and the physical world is likely to exist. Therefore, an
experimental test setup is designed to validate the obtained model results. Reverse Osmosis is a well known
technology, for systems without an ERD the results are straightforward and the technology is proven. Supper
[27] provided results showing the behaviour of an RO system without ERD on varying inputs, both obtained
numerically and experimentally. Therefore, the experiments done in this thesis only focus on the system
with an ERD. In this chapter, first the test setup concept and design will be discussed. Secondly, the tests
are elaborated on. The setup is designed to test the behaviour of the system for varying high pressure pump
rotational speeds as well as varying angular velocities of the chosen Energy Recovery Device. These results
will be compared to the numerically obtained results to draw conclusions. More detailed information about
each of the used components, the test plan describing the tests carried out and images of the test setup can
be found in Appendix C.

5.1. Test Setup Overview
The purpose of the experimental test setup is to determine the influence of an Energy Recovery Device on
the permeate production and on the RO-systems flows and pressures. Also, the extent to which varying
rotational speeds of the HPP will affect the production rate of permeate is evaluated. The test setup is named
MicRODOT, which is based on the acronyms Micro (or small), RO (Reverse Osmosis), and DOT (referring to
the name of the company Delft Offshore Turbine). A preliminary design of the MicRODOT setup was done
before the start of this thesis, meaning multiple components were already chosen and purchased. These
components are considered and taken into account for the design of the test setup. A selection of circum-
stances prevented testing with salt water during the course of this thesis. However, for future testing, it is
known that components are going to be in contact with seawater and therefore need to be corrosion resistant.

The MicRODOT setup is designed in such a way that it can be used for multiple different projects. The design
was done considering two configurations; one for water production with an ERD and one for centralised
electricity production using two spear valves and a Pelton Turbine. Via a network of hoses and valves, the
water coming from the hydraulic high pressure pump is transported. By using manual valves, flows are
directed in such a way the setup can be used for both configurations. In Appendix A, a detailed hydraulic
diagram of the total setup is shown. Note that for future studies, it is possible to also use the setup for
simultaneous water and electricity production. The use of the spear valve and Pelton turbine is outside the
scope of the experiments and this thesis.

The wind turbine is represented using a combination of an electric motor and a hydraulic pump. With a rotor
model, a theoretical wind field can be used to simulate the wind turbine. For the experiments done, however,
the electric motor is controlled manually. By measuring the pressure after the hydraulic pump, the torque
on the rotor can be calculated. Since the theoretical wind turbine rotor speed and torques are different from
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the experimental setup speed and torque, a scaling ratio has to be applied, as is also done in the numerical
model. This will be discussed in Chapter 6.

Figure 5.1 shows an overview of the MicRODOT test setup. In there, the three main components are num-
bered; 1 denotes the high pressure pump, 2 is the iSave Energy Recovery Device and 3 denotes the RO-
membrane configuration. In Section 5.2, the components and their functions are elaborated in more detail.

Figure 5.1: Overview of the MicRODOT test setup.

5.2. Components
In this section, the components used in the MicRODOT test setup are briefly discussed. In Appendix E, a
more detailed description and specifications of each component are given.

5.2.1. High Pressure Pump
The setup consists of three main components, starting with the high pressure pump connected to a electric
motor, shown in Figure 5.2. The pump-motor combination is used to simulate the DOT wind turbine. The
DOT concept requires a positive displacement pump to easily produce high pressure flows, wherefore the test
setup makes use of such a type of pump as well. The high pressure pump used is a bidirectional axial piston
pump being able to provide a flow of up to 3.6 m3/hr at a maximum rotational speed of 1500 RPM, assuming
a minimal volumetric efficiency of 70% at low RPMs, based on the efficiency map made in Appendix C. The
pump is able to provide larger flows at higher speeds, but the speed of this system is limited by the maximum
rotational speed of the electric motor, which is 1500 RPM.

5.2.2. Reverse Osmosis System
The Reverse Osmosis system contains two main components; the Energy Recovery Device and the RO mem-
branes. The Energy Recovery Device used is the iSave 21 Isobaric Energy Recovery Device, as is explained in
Section 2.4 and shown in Figure 5.3 as it is installed in the MicRODOT setup. The iSave can be used in setups
having concentrate flows of minimally 6 m3/hr . A minimum of four DOW FILMTEC SW30-4040 membranes
are required (hence installed) in a parallel configuration to meet these flow specifications, This configuration
is shown in Figure 5.4. According to the membranes’ specifications (Appendix E), each membrane has a feed
flow limit of 3.6 m3/hr . Considering their approximate recovery rate of 8 to 10%, a maximum total theoreti-
cal concentrate flow rate of around 13m3/hr can be realised. A maximum permeate flow rate of around 1.3
m3/hr is possible using this configuration. Due to the lower maximum flow rate of the boost pump that pro-
vides feed water for the ERD (8.4 m3/h), the maximum flow rate of the ERD is limited to that maximum flow
and therefore both the maximum concentrate and permeate flow rates of the total system are lower than the
maximum flows of the RO membrane configuration.
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Figure 5.2: The high pressure pump (left) representing the wind turbine, connected to an electric motor using a ROTEX coupling.

Figure 5.3: The iSave ERD as it is installed in the MicRODOT test setup.

Figure 5.4: The RO setup, showing 4 membranes installed in pressure vessel in a parallel configuration.
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38 5. Experimental Tests on Reverse Osmosis with an ERD

5.2.3. Auxiliary Components
Boost Pumps
To feed the high pressure pump and the iSave ERD, two centrifugal boost pumps are used. Due to the design
of the system and the RO-systems characteristics, the iSave ERD requires a significantly higher feed flow.
Therefore, two different pump are used. One being able to provide up to 8.4 m3/h, feeding the ERD and one
having a maximum flow of 3 m3/h, feeding the high pressure pump. The inlet pressure of the high pressure
pumps requires to be 3 bar,this to provide sufficient inlet of the pump chambers.

Figure 5.5: The setup has two boost pumps. The left
boost pump is the large pump, feeding the ERD. The
right pump feeds the High Pressure pump.

Figure 5.6: Cintropur 10 µm filter(left) and EWP-USA
3 µm filter (right).

Water Filters
To maintain a safe and proper operation, the ERD and the hydraulic pump both have a limit in allowable
particle sizes flowing through. For the ERD, the dictated particle size is 3 µm, for the hydraulic pump this is
10 µm. To achieve that, in both feed lines a filter is installed.

Hydraulic Components
In Figure 5.1, a large network of hoses and piping can be seen, where different types of hoses can be
distinguished. For water lines at atmospheric pressures, green suction hoses are used. The low pressure
system design contains a small amount of PVC piping, which is manufactured in-house. Most of the network
however, both low and high pressure, is made of black pressure hoses, designed and manufactured by an
external certified company and able to withstand pressures up to 100 bar, far beyond the maximum allowable
pressure of most components.

To prevent that pressures exceed components pressure limits, pressure relief valves are installed both in
the low and high pressure lines for safe operation. Possible causes of a sudden increase in pressure are i.e.
clogged filters. Since people operate the system, wrongly closed valves due to inattention might also be a
cause. A second measure for safe operation is an electrical valve installed in the high pressure line. In case of
an emergency stop, this valve will instantly open such that pressure can be released from the system.
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Electrical System
To power and control the MicRODOT setup, an electrical cabinet is specially designed for this setup. All
components in the setup are controlled by a Programmable Logic Controller, or PLC. The motors and pump
are controlled by a Variable Frequency Drive (VFD), one for each. The PLC reads out the signals input coming
from the sensors, the VFD received these signals from the sensors and in that way can control the specific
component. In Appendix F, the design of the electrical cabinet and the electrical wiring diagram can be
found.

Figure 5.7: The electrical cabinet, containing the electrics and control hardware.

5.2.4. Sensors
To obtain results from the setup, several flow, pressure and temperature sensors are being used. In Section
5.4 below, a schematic overview is shown in which all sensors are denoted. The flow sensors are used to
determine the important flow rates; the input flow of the hydraulic pump, the input flow of the ERD and the
permeate flow. For economic reasons, it is chosen to only use flow meters in the low pressure lines, since
they are significantly cheaper. Given the high pressure flows are functions of the low pressure input and
output flows and the leakages of the pumps are measured and/or known, the high pressure flow rates can be
determined.

The pressure sensors are installed in both the low and high pressure lines and are used for both system
security and obtaining test results. As aforementioned, the system makes use of hardware to prevent a
pressure overload. By constantly monitoring the pressure in the control software, an emergency stop can be
triggered in case of such an overload. The temperature sensors are used to monitor temperature changes of
the water. This can i.e. indicate dry running and/or overheating pumps.

5.2.5. Data Logging
Data is obtained both digitally and analog. Motor rotational speeds are based on input power frequencies and
the characteristics of the motor. By sending a digital signal from the software, via the PLC to the motor, the
rotational speed of the motor is set. The installed sensors send an analog signal to the PLC, for each sensor
in the system the sampling time is 20ms, meaning the sensors obtains 50 data points every second. Using
TwinCat, the system can be controlled and sensors signals can be read. With Scopeview, the sensors signals
can be logged and saved for further processing.
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40 5. Experimental Tests on Reverse Osmosis with an ERD

5.3. Test Setup Working Principle
The previous section described the components used in the experimental test setup. Here, in short the work-
ing principle of the setup is explained. A schematic overview of the setup is shown in Figure 5.8.
Feed water is stored in a large tank, which can hold up to 0.7 m3. The two used boost pumps are self
priming pumps, meaning they are able to suck up the water from the tank. One boost pump provides
the feed flow for the positive displacement pump, while the other feeds the ERD. The high pressure pump
represents the wind turbine. Its rotational speed can be adapted to simulate variations in (wind) inputs.
The ERD is used to recover the energy stored in the high pressure concentrate flow from the RO process.At
the inlet of the RO-module, which is the configuration containing the 4 RO membranes, the high pressure
feed flow of both the high pressure pump and the ERD are combined to end up with one total feed flow
for the membranes. The permeate produced by the RO membranes is shortly stored in a permeate tank.
As aforementioned, the high pressure concentrate stream coming from the membranes contains a large
amount of unused energy. This flow is used to pressurise the low pressure feed water stream of the ERD,
which was provided by the boost pump. While the feed water becomes pressurised by the Pressure Exchanger
ERD, the concentrate flow loses its hydraulic pressure, after which it is collected in a separate concentrate
tank. After measuring the concentrations and salinities from both the concentrate and permeate tanks, the
water of both tanks is pumped back into the feed water tank using two submersible pumps. In this way, a
closed loop water system is created, such that most water is reused. On top of that, by mixing both the highly
saline concentrate and the permeate with the feed water, the total salinity of the feed water remains constant.

Figure 5.8: Schematic overview showing sensor locations.

5.4. Experimental Test Results
The goal of this section is to present the experimental test results and compare the results to the numerically
obtained results. First, the permeability coefficient is determined. This value is used in the numerical model.
Then, the steady state tests and results will be elaborated. In Figure 5.8, a schematic overview of the setup
including the locations of the sensors is shown. Here, T denotes a temperature sensor, Q a flow sensor, p
a pressure sensor and C the location where the salt concentration is measured. For the tests, the rotational
speed of the high pressure pump and the ERD are the two variables that can be influenced. Two different
types of tests will take place, the first focuses on varying the rotational speed of the high pressure pump while
keeping the ERD at a constant speed, the second test type will focus on varying the rotational speed of the
ERD, while having the high pressure pump rotate at a constant speed.
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5.4.1. RO Membrane Permeability Coefficient
The permeability coefficient is a membrane specific coefficient and depends on the systems parameters and
settings, like pressure, recovery rate, water temperature and salt concentration. The equation to determine
the permeability coefficient can be found in Section 4.1, Equation 4.6. Due to the large amount of dependent
variables, the coefficient is often determined and obtained experimentally. For this, use of Equation 4.29
is made. For the determination of the coefficient, fresh water with a concentration of 600 PPM is used. The
value obtained using the experiments will be compared to values found in literature and to the value obtained
using ROSA 9, a program used to design a Reverse Osmosis system in which the used variables like salinity,
permeate production and recovery rate can be implemented [26].

Table 5.1: Test parameters for determining the permeability coefficient

Parameter Value Units
ωHPP,max 700 RPM
∆ω 50 RPM
ωERD 700 RPM
C f 600 ppm
Tw ater 10 ◦C
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(a) Hydraulic pump and permeate flow rate.
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(b) System pressure.

Figure 5.9: Experimental results, used to determine permeability coefficient of the membrane.

As can be seen from Figure 5.9a, the permeate flow rate more or less follows the step function of the high
pressure pump. This results in a pressure build up in the system following this same step function. To be able
to determine a representable value for Kw using the data from Figures 5.9a and 5.9, the data between t = 50s
and t = 300s is used. In Figure 5.10, obtained permeability coefficient over time is shown, as well as a mean
value. Due to variations of the system over time (for example small changes in concentrations/temperatures),
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42 5. Experimental Tests on Reverse Osmosis with an ERD

the coefficient over time is never a constant. However, for model calculations, a constant value is used. The
obtained mean value of the permeability coefficient is 3.43e−9 s/m. This is in the same order of magnitude
compared to the values acquired using ROSA and literature, shown in Table 5.2.
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Figure 5.10: Permeability coefficient.

Table 5.2: Permeability coefficients

Source Value Units
Experimental tests 3.43e−9 s/m
ROSA 3.25e−9 s/m
Lu et al. [28] 3.1e−9 s/m
Bartman et al. [29] 9.7e−9 s/m

5.4.2. Varying HPP RPM - Experimental Results and Model Validation
For a seawater Reverse Osmosis System with an ERD, two parameters can be controlled; the rotational speed
of the hydraulic pump and the rotational speed of the ERD. Computed results of this are shown in Chapter 4.
To validate these results, the following two sections describe the experimental tests in which these variables
are controlled, starting with the speed of the hydraulic pump. The test parameters used are shown in Table
5.3. The parameters that will be obtained from the tests are the system pressure ps y s and permeate flow rate

Table 5.3: Test parameters - Varying HPP RPM

Parameter Value Units
ωHPP,max 700 RPM
∆ω 50 RPM
ωERD 500 RPM
C f 600 ppm
Tw ater 10 ◦C

Qp . Using these parameters, the assumed working principle of the system with ERD can be validated. In
Figure 5.11, a comparison between the experiments and the part of the numerical model covering the results
of the system with ERD is shown. As the RO system without an ERD is already repeatedly been studied,
validation of such a system without ERD is not incorporated into this thesis.

The results depicted in the Figure 5.11 show the influence of the increasing rotational speed on the system
pressure. From the numerical model, it was expected that the pressure increase would follow the same step
function as the rotational speed of the hydraulic pump. From Figure 5.11a, at lower pressures, the pressure
behaves a little different and does not fully follow the step response. One of the reasons for this is the fact
that the used hydraulic pump is designed to perform best for rotational speeds of 500 RPM and higher.
Therefore, at speeds well below this speed, the pump will not perform optimally. On top of that, at low
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(a) Hydraulic pump and ERD RPM.
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(b) System pressure.

Figure 5.11: Comparison of experimentally obtained pressures with numerical model prediction.

rotational speeds and pressure hardly any water leaks through the pumps seals, a higher percentage of low
pressure feed water is pressurised resulting in a a relatively higher pressure per RPM. At higher pressures,
the leakage flow increases leading to system pressure comparable to the values obtained from the numerical
model. The volumetric efficiency of the high pressure pump is determined empirically per RPM of the pump
and pressure of the system, and can be found in Appendix C, Section C.3. The used assumption that water is
incompressible can be verified using the figures. As the flow increases, the pressure instantly increases, with
hardly any delay.

The modelled permeate flow rate is compared with the obtained tests results, as can be found in Figure 5.12.
The difference in flow rate between the high pressure pump flow and the permeate production is as given
by Equation 4.35. As can be seen from Figure 5.12, this approximation seems to be accurate. The produced
permeate is show as a mean value per time step. The modelled permeate production approached the mean
values of the experimental test data. At both low and high feed flows, the permeate production linearly
follows the feed flow, from which can be concluded that the efficiency of the membranes is not negatively
influenced by different and varying feed inputs hence rotational speeds of the high pressure pump. On top
of that, the graph confirms the assumptions made for the model, in which this linear relation was expected
to occur. The slight difference between the obtained experimental results and the results from the numerical
model are mostly a result of the nonlinearities of the RO membranes, that are not accounted for in the model.
On top of that, the actual specification of the membranes can slightly vary from the theoretical values given
by the manufacturer.

The relation between the rotational speed of the high pressure pump and the feed flow and permeate flow
is proportional. From Equation 4.34 as well as Figure 5.11 it can be seen that this results in a linear relation
between system (pump) pressure. This results in a linear relation between the rotational speed of the high
pressure pump and the pump torque. In Figure 5.13 this is shown, based on the experimental data obtained.
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Figure 5.12: Permeate flow comparison between model and experimental results.

This will be further used in Chapter 6, in which the RO system with the ERD is combined with a hydraulic
wind turbine.
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Figure 5.13: Permeate flow comparison between model and experimental results.

In Table 5.4, a comparison of the obtained results between the model and the experimental tests is numeri-
cally shown. From this table, it can be seen that the expected maximum flow rate of the high pressure pump,
QHPP,max,model , matches the maximum flow rate of the tests,QHPP,max,test . The permeate flow obtained from
the experiments, Qp,max,test , slightly differs from the numerically determined values, Qp,max,model , with a
difference of around 1% between the model and experiments. This is due to the difference in the modelled
leakage rate of both the ERD and the high pressure pump, for more accuracy these leakage rates have to be
determined in more detail. The maximum pressure obtained from the model and the experiments is approxi-
mately 0.1 bar. From the comparisons, it is concluded that the model can obtain representative results. Using
the model to simulate these kind of tests, the predicted flow rates and pressures can be accurately obtained.

Table 5.4: Obtained experimental results for varying HPP rpm

Parameter Value Units
QHPP,max,test 1.16 m3/h
Qp,max,test 0.96 m3/h
ps y s,max,test 27,8 bar
QHPP,max,model 1.16 m3/h
Qp,max,model 0.97 m3/h
ps y s,max,model 27.9 bar
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5.4.3. Varying ERD RPM - Experimental Results and Model Validation
Here, the variation of the ERDs’ rotational speed is discussed and its influence is shown by the means of
some experiments. In Chapter 4 it is explained that the ERD influences the recovery rate of the system. On
top of that, based on the model results, a slight variation in system pressure for different angular velocities is
expected. This will be verified using the test results. In Figure 5.14, the results of one of the tests are shown.

Table 5.5: Test parameters - Varying ERD RPM.

Parameter Value Units
ωHPP 650 RPM
ωERD 450-625 RPM
∆ωERD 25 RPM
C f 600 ppm
Tw ater 10 ◦C
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Figure 5.14: Comparison of experimentally obtained flow rates with numerical model prediction.

An increase of ERD rotational speed result in a slight increase in system pressure at the feed inlet of the
membrane, whereas it results in a small decrease of pressure at the concentrate outlet of the membrane, as
can be observed from Figure 5.14b. At a rotational speed of the ERD 450 RPM, the pressure at the membranes
concentrate side is close to 24 bar. As the rotation speed of the ERD increases, the pressure on the concentrate
side decreases, however, the maximum drop in pressure is around 1 bar resulting in a pressure of 23 bar
at 625 RPM of the ERD. Comparing the results from Figure 5.14b to the results obtained from the model,
which is shown by the black line in the graph, an opposite reaction in the variation of the system pressure
is observed. ps y s in the model refers to the inlet pressure. Where it was expected that the system pressure
would decrease for increasing rotational speed of the ERD, the opposite occurs in the experimental tests.
The cause of this divergence is based on an assumption made in Chapter 4, when Equation 4.28 is defined.
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There, it is said that the pressure drop over the membranes can be neglected, such that ∆p equals ps y s . ∆p
referred to the difference in hydraulic pressure between the concentrate flow and the permeate flow. Taking
this into account, and noticing that a pressure drop over the membrane does exist as can be seen from the
difference between the inlet and outlet pressure in Figure 5.14b, the results seem to fit the expectations and
ps y s equals the pressure at the membranes’ concentrate outlet. The small pressure increase at the inlet of the
membranes occurs due to the increase in losses in the membrane as well as the increase in pipe friction and
efficiency losses with increasing flow. This behaviour is not yet accounted for in the model.

As the rotational speed of the ERD determines the high pressure flow rate of the ERD, changing the rotational
speed will result in a change in total feed flow to the membranes. According to the relations given in Equa-
tions 4.37 and 4.38, a changing ERD high pressure feed flow (and thus total feed flow) results in an alteration
in feed concentration. From the model results however, hardly any change in permeate production was
expected. The experimental results as given in Figure 5.15 confirmed these expectations, as the permeate
flow rate over time is not visually affected.
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Figure 5.15: Permeate flow comparison for varying ERD speeds.

In Table 5.6, a comparison of the most important obtained results from the model and the experimental
tests is numerically shown. As can be seen, the mean maximum permeate production computed by the
model, Qp,mean,model , and obtained from the the experimental tests, Qp,mean,test s , are similar. A difference
of approximately 1.1% between the two results can be distinguished. The system pressure obtained from
the model differ from the experimental tests. For the results, the system pressure computed using the
model, ps y s,model , can be best compared to the pressure of the concentrate line from the experimental
tests, pcond ,test , since this pressure varies following the same pattern. The difference in pressure pattern is
previously explained in this section. In the model, the pressure drop over the membrane was assumed to
be negligible, while in fact a small pressure drop can be seen. This explains the difference in pressures. By
determining the exact pressure drop of the membrane at different flows and pressures, this can be accounted
for in the model to obtain better matching results.

Table 5.6: Obtained experimental results for varying ERD rpm

Parameter Value Units
Qp,mean,test 0.88 m3/h
ps y s,mi n,test 25.48 bar
ps y s,max,test 25.90 bar
pconc,mi n,test 23.50 bar
pconc,max,test 24.18 bar
Qp,mean,model 0.89 m3/h
ps y s,mi n,model 25.07 bar
ps y s,max,model 25.85 bar
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5.4.4. Influence of Salinity
As aforementioned, the tests are conducted using water with a low salt concentration of around 700 PPM
(parts per million), which is approximately the same as fresh water from the tap. Due to some unforeseen
circumstances, it was not possible to use salt water. In this subsection, a short explanation is given on the
differences in results if (more) saline water was used. Salt water means more dissolved solids. The salt
concentration (also known as Total Dissolved Solids, or TDS) of seawater is approximately 35000 PPM [12].
With more solids in the water, the higher the osmotic pressure is. This means that the minimum pressure
needed to desalinate water via reverse osmosis becomes higher. As a comparison, the osmotic pressure for
water with 700 PPM TDS is around 0.5 bar, whereas for water having 35000 PPM TDS the osmotic pressure
lies around 25 bar.

The results obtained from the tests explained in Subsections 5.4.2 and 5.4.3 will be evaluated based on this
knowledge, starting with the tests for varying rotational speeds of the high pressure pump. In these tests
results, it can be seen that permeate water is immediately being produces when the high pressure pump
starts rotating. At that moment, the pressure of the system is barely 2 bar, meaning the osmotic pressure is
overcome. In fact, a small amount of permeate is being produced when only the ERD is rotating, since the
pressure at that time is already around 1.5 bar, well above the osmotic pressure for water having 700 PPM
TDS. When the water is more saline, it would be seen that permeate is not directly being produced when
the high pressure pump is turned on. However, the system’ pressure would rise towards the values of the
osmotic pressure in a very short time, at very low rotational speeds of the pump. At that point, even at low
rotational speeds and flow rates, permeate is being produced while the pressure in the system is already 25
bar. Basically, the biggest difference in results would be the operating pressure, which would shift upwards
approximately with the value of the osmotic pressure. The maximum pressure of the system with the same
permeate production will then lie around 60 bar. Secondly, the amount of TDS in the permeate water would
be a little higher, since with increasing salinities, the salt rejection will go down. This was also explained in
Section 2.3 and shown in Figure 2.6a.

For the second test discussed in Subsection 5.4.3, in which the influence of a varying rotational speed of
the ERD is discussed, a small difference in pressure variation can be observed, shown in Figure 5.14b. The
variation of the pressure for varying rotational speeds was explained in Section 4.5.2 and depicted in Figure
4.7 for different amounts of TDS. As concluded, a higher amount of TDS resulted in a larger variation in
pressure. However, even for the highest TDS case of 32000 PPM, the pressure difference between highest and
lowest system pressure will be around 3 bar, compared to 1 bar for the 700 PPM case. The total operating
pressure at higher salinities is higher and lies around 60 bar, instead of 25 to 30 bar.
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5.5. Concluding Remarks
By doing experimental tests, the working principle of the ERD as it was assumed to work was confirmed. The
numerically obtained results were compared to the experimental results, showing large similarities.

First, the influence of a varying rotational speed of the high pressure pump was investigated. This showed
that a variation in rotational speed, hence varying high pressure feed flows and pressures, has no significant
effect on the performance and efficiency of the Reverse Osmosis system. The permeate flow rate instantly
follows the increase or decrease in high pressure feed flow. This confirmed the numerical model, in which a
similar effect could be observed. The test also confirmed the behaviour of the system with ERD as predicted.
Since hardly any information regarding the total systems behaviour was available in literature, the modelled
results had to be compared to real life tests to be verified.

Second, the rotational speed of the ERD was actively controlled, to see how a change in RPM would influence
the RO system. From these experiments, a slight variation in pressure at the inlet and outlet of the membrane
can be observed. This pressure change is a result of a small variation in the osmotic pressure that occurs
when the rotational speed hence high pressure outlet flow of the ERD is changed. This outcome was also
predicted by the numerical model. Now that it is seen that the ERD hardly affects the system pressures, a
control strategy for pump (torque) control with only an ERD does not seem to be suitable. For a setup in
which a hydraulic turbine is combined with Reverse Osmosis, as was discussed in Section 3.3, the RO with
ERD system can not fully replace the spear valve. Future research into adding a spear valve to the RO system
with an ERD in order to control the high pressure pumps’ torque is necessary.
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6
Wind Driven Reverse Osmosis with an ERD

The combination of an Hydraulic drive train wind turbine with a Reverse Osmosis system has not been com-
mercialised yet. Some research in combining Reverse Osmosis with sustainable (fluctuating) energy sources
has been done, for example by Supper in his MSc. thesis [27]. The implementation of an ERD in research how-
ever has not been done yet. In Chapter 4, the results for a Reverse Osmosis system with an ERD are shown.
These results are compared and verified in Chapter 5. In this chapter, the Seawater Reverse Osmosis (SWRO)
system will be combined with the hydraulic drive train wind turbine principle. First, the model will be ex-
plained and the results will be shown, after which conclusions regarding system stability and performance
can be drawn. In Appendix B the used parameters are shown.

6.1. Wind Turbine Design
The model from Chapter 4 is based on characteristics of the components used in the experimental setup. The
system limits, regarding permeate production and system pressures are shown in that chapter as well. In this
chapter, a wind turbine will be designed that is based on these limits. Besides that, turbine characteristics of
the DOT500 [20] hydraulic turbine will be used. This turbine is a 500kW hydraulic redesign of a Vestas V44
600kW wind turbine [30]. In Figure 6.1 the Cp and Ct curves are given at a fixed pitch angle of the blades at 0°.
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Figure 6.1: Torque and power coefficient of the DOT500 wind turbine.

The turbine design is based on the selected pump used in the experimental setup, of which the flow rate and
rotational speed are known. For the setup with the ERD in place, the resulting permeate productions are
now known as well as the influence of this permeate flow on the systems pressure. For a proper wind turbine
design, the operating limits of both the membranes and the wind turbine should be considered as well as the
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minimum pressure needed for reverse osmosis to happen; the osmotic pressure. For the used membranes,
the maximum pressure is 69 bar. For the turbine, a maximum allowed tip speed vt i p of 80 m/s is considered
[31]. For this system, the salt concentration of seawater is used, equal to 32000 PPM. For this concentration,
the osmotic pressure is around 25 bar. To simplify the system model, some assumptions have been made:

• ERD Leakage (L) neglected, thus QHPP = Qp

• ∆p across membranes =0

• Shaft between rotor and pump is rigid

• Constant rotational speed of ERD

The most important parameter that links the Reverse Osmosis system to a hydraulic wind turbine, is the
pump torque τHPP . This torque is dependent on the flow provided by the high pressure pump at a certain
rotational speed and the amount of permeate that is produced, following from Equation 3.12. To determine
the maximum pump torque, the maximum allowed membrane pressure and the maximum flow rate of the
hydraulic pump at which the membranes permeate limit is reached, is used. These limits, as well as all the
input variables used in this model, can be found in Table B.1 in Appendix B.

The maximum allowed pump torque and maximum pump power are determined first. The torque is based
on the maximum flow provided by the high pressure pump at 750 RPM and its volumetric displacement, the
power can be found using the flow and the maximum allowed pressure of the membranes.

τHPP,max =Q f ,HPP,maxVp (6.1)

PHPP,max =Q f ,HPP,max pmem,max (6.2)

The rotational speed of 750 rpm is chosen such that the provided flow of the high pressure pump is approx-
imately similar to the maximum produced permeate flow. For this model, it is assumed that the leakage
percentage of the ERD is 0, resulting in the relation Q f ,HPP = Qp , as can be obtained used Equation 4.35. The
maximum power of the pump is used to determine a rotor size for the wind turbine. This is done by rewriting
Equation 3.2 and using characteristics of the DOT500 turbine [20]. The power and torque coefficient over the
tip speed ratio of this turbine are shown in Figure 6.1 for a fixed pitch angle of 0 °. The definition of the Rotor
radius is given by Equation 6.3.

Rr =
√

PHPP,max

0.5CP,maxρai rπU 3
r ated

(6.3)

Here, CP,max is the maximum power coefficient, ρai r is the density of air and Ur ated is the wind turbines’
rated wind speed. with this rotor radius, the maximum rotational speed of the rotor can be obtained using
Equation 6.4.

ωr,max = vt i p,max

Rr
(6.4)

Where vt i p,max refers to the maximum tip speed of the wind turbines’ blades, taken as 80 m/s to minimalise
erosion at the blades edge. [31]. The maximum rotational speed of the rotor does not directly match the
maximum possible rotational speed of the pump. To match these, a ratio is used. This ratio will be important
to link the aerodynamic torque of the rotor to the torque of the pump:

ntur b = ωHPP,max

ωr,max
(6.5)

R.A.G. Smits Master of Science Thesis



6.1. Wind Turbine Design 51

The torque graph of the designed wind turbine can be obtained using the wind speeds between the cut in
wind speed and the rated speed:

ωr = λUwi nd

Rr
(6.6)

τaer o = 1

2λ3 ρai rπR5
rω

2
r Cp (6.7)

Here, λ is the tip speed ratio of the wind turbine. The equations mentioned above results in the torque graph
shown in Figure 6.2. The parameters to determine the design are shown in Appendix B, Table B.1.
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Figure 6.2: Aerodynamic torque over angular velocity.

In Figure 6.2, the aerodynamic torque lines of the horizontal axis wind turbine are shown, depicted by the
grey curves. Each line represent the aerodynamic torque over rotational speed of the wind turbine at the
given wind speeds. In this case, the wind speeds between the cut-in wind speed (3 m/s) and the rated wind
speed (12 m/s) of the wind turbine are shown. To optimally use the wind turbines’ aerodynamic power, it is
tried to let the wind turbine operate at the rotational speed at which the power coefficient, Cp , is maximal.
Per wind speed, this optimal point is given by the crossing of the grey lines with the blue Cp,max curve. The
optimal torque curve is defined by a quadratic function. For a hydraulic wind turbine turbine, the spear
valve is used to regulate the counter torque on the rotor to follow this curve. As a positive displacement
pump is used, of which a known characteristic is that its flow rate increases linearly with increasing RPM,
Equation 3.14 is used to show that the pressure - RPM relation, hence the torque - RPM relation, will also be
quadratic. For this case however, the spear valve is not included, but instead the system is combined with
a RO desalination system with an ERD. For such a system, it is determined that the pressure - RPM relation
and pump torque - RPM relation is not quadratic, but linear. This is shown in Chapter 5, Figure 5.13.

This linear relation can also be seen in the Figure 6.2, where 3 different cases are shown. The green torque
line represents the high pressure pump torque of a system using 4 membranes. This case is the base case
and is based on the characteristics of the MicRODOT experimental setup. The HPP torque is determined
using Equation 6.1. This torque is multiplied by the turbine ratio ntur b . The same is done for a system that
contains 6 membranes (red line) instead of 4, whereas the permeate flow rate is similar to the base case. The
purple line represents the torque for a system using 4 membranes but does not use an ERD. In all three cases,
the same rotational speed variation of the high pressure pump is used and thus the feed flow from the pump
is similar. At 750 RPM, the flow rate of the HPP is approximately similar to the maximum permeate flow rate
of the base case (limited by the membranes). The linear relation between rotational speed and pump torque
is explained in Section 5.4.
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6.2. Wind Driven RO - System Stability
To be able to say something about the stability of the wind turbine, both with and without RO system with
ERD, a system term proportional to the turbines rotational speed ωr has to be determined. For the total
stability of the system, only the base case for RO with 4 membranes and an ERD is evaluated. With these
results, a conclusion regarding the other cases can be given. As explained in Chapter 3, Section 3.2, the torque
balance is a function of rotor torque and pump torque, given by Equation 3.11. A linerisation of this equation
results in the following Equation 6.8 [20]:

Jt ω̇r +Brωr +BHPP11ωr +BHPP2 = 0 (6.8)

Here it can be seen that the pump torque τHPP is written as a function of two constants (BHPP1ωr +BHPP2).
BHPP1 is the term of the pump proportional to the rotor rotational speed ωr , Br is the term of the rotor
proportional toωr . The total term can be written asα= (Br +BHPP1), such that Equation 6.8 can be redefined
as Equation 6.9:

Jt ω̇r +αωr +BHPP2 = 0 (6.9)

First, a linearisation of the aerodynamic torque of the rotor is done, as explained by Jarquin Laguna [21]. The
linearisation for the wind turbine rotor torque is given by Equation 6.10. This gives the rotor term Br . The
linearisation of the aerodynamic torque is done around its operating point (ω̄r ,Ū ). Here, the bars over the
variables mean ’steady-state value’. The constant Br can be seen as a kind of damping term when taking the
positive values above λτ,max where Ct is a decreasing function of λ.

Br (ω̄r ,Ū ) =− ∂τaer o(λ̄,Ū )

∂ω̄r

∂Cτ
∂λ
Cτ
λ

∣∣∣∣∣
ω̄r ,Ū

(6.10)

To find a solution forα, a definition for BHPP1 has to be obtained. This is done by first rewriting the definition
for the high pressure pump torque given by Equation 6.1, where Equation 6.2 and 4.34 are used. Since for this
model it is taken that the leakage L of the ERD is negligible, the permeate flow rate Qp can be taken equal to
QHPP . Equation 6.11 shows the expression for the hydraulic pump torque:

τHPP =Vpηvol∆Π+
V 2

p η
2
volρw ater

nmem AmKw
ωr (6.11)

From Equation 6.11 the pump term proportional to ωr , BHPP1, can be obtained, given by Equation 6.12. In
there, it is assumed that the rotational speed of the high pressure pump does not affect the osmotic pressure
term ∆Π, since its influence is negligibly small.

BHPP1 =
V 2

p η
2
volρw ater

nmem AmKw
(6.12)

Here it can be seen that this term is a constant based on constant system parameters.

6.3. Wind Driven RO - Result Analysis
Using Equation 6.10, the stable operating region of the wind turbine is determined and shown in Figure 6.3a.
There it can be observed that for tip speed ratios higher than λτ,max (the value of λ at which Ct is max, as
shown in Figure 6.1) the constant Br is positive hence at that given tip speed the turbine operates in a stable
region. In Figure 6.3b, Br of the wind turbine is plotted as a function of the rotational speed of the rotor. In
this figure, the turbine operates in a stable region for positive values of Br . The higher the wind speed, the
higher the rotational speed of the wind turbine needs to be for Br to be positive. This rotational speed can
also been found by the crossings between the Ct ,max curve and the aerodynamic torque curves in Figure 6.2.
This shows that the stable operating region of the wind turbine can be found at the right hand side of the
Ct ,max . By multiplying Br with the rotational speed of the turbine ωr , a torque graph can be obtained, as
shown in Figure 6.3c.
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(a) Linearising aerodynamic torque gives the term Br of the wind turbine, plotted over the wind
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(c) Multiplying the term Br by the turbines rotational speed results in the torque term TR .

Figure 6.3: Linearisation of the aerodynamic torque results in a term of the rotor proportional to omeg ar .

The total term proportional to omeg ar of the system, α, as aforementioned is a summation of Br and BHPP1,
of which it was shown that the latter is a constant. In Figure 6.4a, the total systems term can be seen. Also
from α, a definition of torque can be given by multiplying it with the rotational speed of the rotor. This
definition is given in Figure 6.4b.

From both Figure 6.4a and Figure 6.4b, a conclusion regarding the stable region of operation of the coupled
wind turbine desalination system can be given. For the system to be defined stable, α has to be mathe-
matically positive. As Figure 6.4a shows, α is positive for low rotational speeds for each given wind speed
curve. Although this would implicate the system is stable, it will not operate at these low rotational speeds
since the torque term of the system at those rotational speeds is equal to zero. For low wind speeds, the
system is able to operate stable at relatively low rotational speeds, as is shown by the curve denoting 6 m/s.
However, from fig:torquegraph it could be seen that the pump torque line for the used case (4 membranes)
crosses the Ct ,max line at a wind speed of approximately 8.5 m/s. The turbine torque at 6 m/s is not high
enough to produce permeate water, since the counter torque from the pump would be too high to overcome,
resulting in a constantly decelerating wind turbine in the unstable region. As for higher wind speeds, the
system torque reaches the torque required for desalination, water can be produced and the system is able to
operate in the stable region. As aforementioned, the results given in the figures above are based on case for
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(a) The total term α of the system is a summation of Br and BHPP1.
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(b) By multiplying α with the rotational speed of the rotor ωr , a torque relation can be found.

Figure 6.4: α can be found by a summation of the Br and BHPP1.

4 membranes with the ERD. However, by understanding the principle of stability for this case, the stability
regions for the other cases can be derived from the given results as well.

From the results mentioned in the previous paragraph, saying something about the aerodynamic efficiency
at which the system operates is difficult. On top of that, a clear overview of the stable operating region and
the amount of water produced at a certain wind speed is missing for each of the 3 cases. First some insight
in the stable region at which water can be produced will be given. This is shown by Figure 6.5, in which
the stable region is shown by as function of the tip speed ratio, where all values for λ above λC t ,max are
considered stable.
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Figure 6.5: Tip speed ratio over wind speed.

Here, it can be seen that the system without ERD operates in the stable region for wind speeds of around 5.5
m/s and above. The two cases in which the ERD is included are stable at higher wind speeds, 7.7 m/s for the
system with ERD and 6 membranes and 8.4 m/s for the system with ERD and 4 membranes. This difference
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can be explained by the maximum system pressure of each system. The system without ERD operates at
lower pressures due to its lower permeate production, this results in lower high pressure pump torques. The
6-membrane case with ERD operates at slightly lower pressures, although the permeate production is similar
to the 4-membrane case, due to the higher total area of the membranes compared to the 4-membrane case.
This was explained by equation 4.34.

Second, it is determined at which aerodynamic efficiency each of the three systems operates and produced
permeate. As aforementioned, the optimal turbine torque curve at which the aerodynamic efficiency of the
wind turbine is maximal follows a quadratic function. By following this function, the tip speed ratio of the
wind turbine is constant (as seen in Figure 6.5) and the power coefficient Cp is maximal. By plotting the
power coefficient of each desalination case, the aerodynamic efficiency of each system can be determined.
The power coefficients can be found in Figure 6.6.
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Figure 6.6: Power coefficient over wind speed.

Since the pump torque - rotational speed relation for all three cases is defined by a linear function, it is
not possible to constantly operate at the highest aerodynamic efficiency hence maximal power coefficient
Cp,max . However, from Figure 6.6 it can be seen that the system with ERD and 4 membranes operates at fairly
high efficiencies at high wind speeds; an efficiency difference compared to the ideal case (Cp,max ) of around
1% can be seen at maximum wind speed (Cp is approximately 0.34 compared to Cp,max of 0.35). Although
neither system can follow the quadratic function and are thus not able to operate at maximal aerodynamic
efficiency (besides at the point at which the pump torque curve crosses with he Cp,max curve in Figure 6.2),
the loss in efficiency during permeate production for each of the three systems is not significantly high. The
permeate productions are given in Figure 6.7. For the system without ERD, permeate production is realised
at relatively low wind speeds compared to the other two cases (the wind speed at which permeate can be
produced is referred to as Upi n ). However, the maximum amount of permeate that can be produced is signif-
icantly lower. The 6-membrane setup is able to start producing permeate at slightly lower wind speeds com-
pared to the 4-membrane case. However, using more membranes while the amount of permeate is similar
does mean the permeate production efficiency (per area of membrane) is lower. On top of that, the maximum
permeate production is reached at lower wind speeds, hence the power coefficient when producing permeate
above rated wind speeds is lower. Above rated wind speeds, for this turbine wind speeds higher than 12 m/s,
the maximum amount of permeate can constantly be produced since the rotational speed of the turbine will
not increase further hence the pump flow rates and systems pressures will remain constant.

From Figure 6.7, it can be seen that the maximum permeate production for the system with ERD is higher than
for the system without ERD. For this system, with ERD 2.46 times the amount of permeate is being produced
at maximum production rate compared to the system without ERD. As the flow rate provided by the high
pressure pump is similar for both cases, and the system pressures are comparable, the power consumption
per produced volume for this case differs the same ratio as the difference in permeate; 2.46. In Section 4.5.1
a ratio of approximately 5 was obtained. The difference in ratio can be explained by the used recovery rate
of the system without ERD in this section. For the system without ERD, a constant valve setting was chosen
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Figure 6.7: Permeate production over wind speed.

in such a way that an approximate recovery rate of 40% at maximum production (hence a a max permeate
flow rate of around 0.5 m3/h) was achieved. As the recovery rate for the model tests in Subsection 4.5.1 was
close to 10%, a lower efficiency and thus higher power consumption per produced volume of permeate was
obtained.

6.4. Recommendations for System Improvement
For neither of the latter cases, water is being produced directly from the cut-in wind speed of the wind
turbine. In fact, for all three cases, a lot of aerodynamic power of the wind turbine is lost, especially at low
wind speeds when no water can be produced. By combining several setups however, a larger operating
range of the wind turbine can be used. If a solution was found to both produce water and operate at
Cp,max by following the quadratic torque-rpm relation of the wind turbine, the most optimal and efficient
system can be found. For this, two recommendations are given regarding system improvements. These
recommendations are not proven yet and future research is required to determine the performance of each.

The case without ERD described in Section 6.3 has a fixed valve located in the concentrate stream, therefore
having a linear torque-rpm relation. However, by using a variable valve in the high pressure concentrate line,
this relation can become quadratic, as explained by Greco and Jarquìn-Laguna [32]. With such a RO setup,
permeate production can be realised at fairly low wind speeds, while the system operates at its maximal
aerodynamic efficiency. By combining such a system with i.e. a system with ERD, both a more optimal use
of the wind turbines’ range can be used and higher permeate productions can be realised. In Figure 6.8, two
examples is shown. In the graph the red line shows the pump torque for 1 case. Here, when the rotational
speed of the turbine increases, water is being produced at around 5 m/s wind speeds. At that time, no ERD is
being used. For increasing wind speeds an rotational speeds, the pump torque follows the Cp,max curve until
the line crosses the green torque line and Upi n is reached. At that moment, the ERD is turned on and added
to the system while the variable valve is being closed (the simplistic schematic overview in Figure 4.4 shows
a system with which this might be possible). Now, the pump torque follows this linear line, still operating at
relatively high efficiencies, as was explained in Figure 6.6 and maximum permeate rates. With this setup, the
wind turbine is able to operate at its highest aerodynamic efficiency for a long time and the ERD is used to
eventually produced maximum permeate. The other example is shown by the blue dashed line. For this case,
the system starts producing permeate without ERD at around 4.5 m/s, from that point on, the pump torque
is still following a quadratic curve, however, the turbine will not operate at its highest aerodynamic efficiency,
but slightly below (Cp will lie around 0.34 instead of Cp,max of 0.35). Nonetheless, for this case, the ERD can
be included to the system at lower wind speeds. Although the turbine is not operating most efficiently, the
permeate production efficiency is higher than the latter example, since the maximum production can be
realised at lower wind speeds hence more water is being produced.

In all the latter examples, only water production is taken into account. If the turbine is not able to produce
permeate up to a certain wind speed however, producing electricity below that wind speed can be a second
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Figure 6.8: Producing permeate without ERD at low wind speeds using a variable valve in the concentrate line can make the wind driven
RO system more efficient.

option to investigate and consider. Research into combining water production with electricity production
using a spear valve and Pelton turbine has not been included in this thesis. However, using some assump-
tions this combinations is shortly elaborated on. In Figure 6.9, the torque curves for such a system are shown.
As can be clearly seen does it look similar to the latter elaborated case. Using a spear valve, the quadratic
torque-rotational speed relation can be obtained, as was explained in Section 3.2. From the cut-in wind
speed, electricity production can be realised and for increasing wind speeds (and rotational speeds), the
ideal aerodynamic torque curve can be followed while electricity production increases. At the moment that
permeate production can be realised at Upi n , and Cp,max is maximal, the system can shift towards water
production, starting to follow the linear torque function. For increasing wind speeds, now only water is being
produced.
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Figure 6.9: A combination of electricity production and water production can be interesting to optimally use the wind turbine.

As aforementioned, to come up with the most efficient solution, both for water production as well as a
combination of both water- and electricity production, future study into the systems behaviour, efficiency,
stability and performance is necessary.

Master of Science Thesis R.A.G. Smits





7
Conclusions and Recommendations

The goal of this thesis is to determine the influence of a wind driven Reverse Osmosis desalination system
with an ERD on the performance and stability of a hydraulic drive train wind turbine. With this combination,
the wind turbine will use its high pressurised water stream to feed the RO membranes. It was investigated how
varying high pressure pump inputs influence the performance of the desalination system. Next, the effect of
a varying rotational speed of the pressure exchanger ERD on the systems pressures and flows is determined
and the influence of the ERD on efficiency of the desalination process was analysed. A numerical model is
made of an RO system with ERD. The model is validated by means of an experimental setup. In the end, a
simplified design of a wind driven RO system with an ERD was presented. With this design, the wind turbines’
rotational stability and performance was analysed and discussed.

7.1. Conclusions
The global demand for fresh water is rapidly increasing while fresh water becomes scarcer. New sustainable
solutions for the production of fresh water are required to be able to meet the futures’ demands. Desalination
by the means of RO with an ERD, driven by a hydraulic drive train wind turbine can be such a solution.
Preliminary research into this combination showed promising results, this thesis continues on that.

Desalination by the means of RO is a well known technology to produce fresh water from saline sources.
By using a pressure exchanger ERD, this process can be made more efficient and less power consuming.
Comparing the system with ERD to a system without ERD showed that a significant increase in permeate
production can be realised when an ERD is included in the RO system. One of the characteristics of a system
with ERD is the fact that the flow rate at which permeate is being produced is nearly identical to the flow rate
provided by the high pressure pump, whereas for a system without ERD this flow rate is determined by the
recovery rate of the system. As for large scale setups this recovery rate lies around 50%, a system with ERD
would be able to produce twice the amount of permeate. Quantifying the performance of both systems as
power consumption per produced volume of permeate, a system with ERD performed substantially better.
The power needed to produce one cubic meter of water with a system without ERD is roughly five times
higher compared to a system with ERD.

The ERD is used to recover and reuse energy which is normally lost in the RO process. Conventional RO
systems produce permeate at constant system pressures and feed flow rates. For those cases, the rotational
speed of the ERD is set in such a way that maximum RO performance is achieved. For a RO system that is
combined with a hydraulic wind turbine however, these pressures and flow cannot be guaranteed constant,
since they depend on wind inputs on the wind turbines rotor. A comparison between constant and varying
inputs showed that the membrane performance is not significantly affected by varying loads. The efficiency
of permeate production at low high pressure pump inputs is similar to the efficiency seen at higher input
flow rates and pressures.

The fluctuating nature of wind leads to varying inputs on the high pressure pump of the wind turbine,
resulting in varying rotor torques of the the hydraulic wind turbine. To deal with this varying torque and
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keep the turbine operate at its highest aerodynamic efficiency possible, a proper counter torque is required.
This counter torque is provided for by the pump of the hydraulic turbine, which, in case of the hydraulic
wind turbine without a RO system, can be influenced and controlled using a spear valve that can affect the
system pressures. The optimal relation between rotational speed and rotor torque of a wind turbine follows a
quadratic function. When using a RO system with ERD instead of a spear valve, however, it is shown that the
relation between rotational speed and pump torque is linear, meaning it is not possible to operate operate at
Cp,max only using the RO+ERD system.

By using a numerical model, the wind driven RO system with the ERD was analysed. An experimental test
setup was used to validate the model results. At the beginning of this research, the exact working principle
of the pressure exchanger ERD was yet unknown and hardly described by literature, especially for systems
with varying input loads. Fortunately, the results obtained from the experimental tests showed very similar
behaviour of the ERD and desalination system. Using the experimental setup, the predicted results of the
numerical model could be confirmed. Both the model and the experiments showed that the ERD is able to
affect the system pressures and flows. By varying the rotational speed of the ERD, the effective concentration
can be slightly affected, leading to varying total system pressures. Nonetheless, the difference in pressure
for different rotational speeds of the ERD is not significant. The effect of varying rotational speeds on the
pressure as obtained from the experimental results was around 1 bar, which confirmed the model results in
which similar values were obtained. Although the tests were done using fresh water, according to the model
a maximum pressure difference of 3 bar will be obtained if water with a salinity compared to seawater is
used. With the current test setup and results, the variation in rotational speed of the ERD did not seem to
influence the amount of permeate being produced. With the results mentioned in this paragraph, it is shown
that the RO system with ERD can not substantially influence and control the system pressures hence the
high pressure pump torque. For a future setup, in which a hydraulic turbine is combined with a RO system
with ERD, the ERD will not be able to sufficiently influence the high pressure pump torques for varying rotor
torques. For this, future research into methods for active pressure and torque control when combing a RO
system with ERD with a hydraulic wind turbine is required.

As an understanding of the RO system with an ERD was gained, the following step was to analyse this RO
system driven and fed by a hydraulic wind turbine. For this, in a numerical model a design of a small scale
wind turbine was done, using characteristics of an existing Vestas V44 wind turbine as well as limiting factors
of the experimental setup, like maximum allowed pressure, rotational speeds and flow rates. The model
shows the stable operating regions of a wind turbine combined with a desalination system for 3 different RO
setups. For a system with 4 membranes and an ERD, referred to as the base case, the results showed that
the hydraulic wind turbine is able to operate stable and start producing permeate water at relatively high
wind speed (called Upi n ) with respect to the turbines cut-in wind speed. The base case system is comparable
to the experimental test setup configuration. When water is being produced, the turbine itself is able to
operate at aerodynamic efficiencies close to its maximum. However, due to the linear relation between
pump torque and rotational speed of the high pressure pump, it can be concluded that the turbine is never
able to continuously follow the ideal aerodynamic efficiency for varying rotational speeds of the rotor, since
here the torque-rpm relation follows a quadratic function. By including more membranes while keeping the
permeate production similar to the base case, it is shown that permeate production can start at lower wind
speeds, although this difference is not significant. Not using an ERD can result permeate production at even
lower wind speeds, nonetheless the maximum permeate production rate is significantly lower.

To optimally make use of the wind turbine at maximum aerodynamic performance, a system design should be
considered in which the pump torque - rotational speed relation follows a quadratic function while being able
to use most of the available aerodynamic power. A possible design can be a combination of water production
with electricity production via a spear valve and a Pelton turbine. In such a case, electricity can be produced
below the Upi n and water production is realised at Upi n . Future research into combining RO with electricity
production and to optimally produce permeate using the full potential of the hydraulic wind turbines, is
required.
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7.2. Recommendations and Future Work
• Model Extension: The current model used for modelling the RO system with the ERD was based on

steady states, in which the turbine - pump behaviour was not directly coupled. For future research,
a dynamic model that includes coupling between the wind turbine and the RO system should be in-
vestigated. On top of that, the model should be extended to a time domain model, in which varying
wind speeds over time can be implemented. In this way, the dynamic behaviour of the wind turbine
with the RO desalination system can be evaluated using an ODE solver. For the system without ERD, an
ODE solver was used to evaluate system response on increasing pump rotational speeds. However, the
implementation of the ERD in this model has not been done yet. On top of that, a model that includes
a turbine control strategy is recommended. Using the current model, operational and stability ranges
could be determined, however, a control strategy for wind turbine control was not included. For this,
more research into combinations of techniques for system improvement, i.e. electricity production
and water production combined, is required. This recommendation for system improvement is shortly
discussed in Section 6.4 as well.

• Financial study: Although the world is looking for renewable ways of producing water, it has to be
economically attractive for people to invest in it. In this thesis, a simplistic evaluation of price per
produced water is shown. However, a more detailed analysis is required to determine if a wind driven
reverse osmosis system can compete with conventional desalination plants. For this, more insight in
the actual power consumption per produced volume of permeate is required, as well as a total costs
analysis of all required components and sub-systems. Both the Operational Expenditures (OPEX) of
the wind driven RO system as well as the Capital Expenditures (CAPEX) should be analysed to be able
to determine the total levelized costs of water (LCOW).

• Long term experimental tests: The current conducted tests with varying loads and inputs on the mem-
branes were short term tests. However, to be able to say something about the long term impact of
fluctuating flows on the membranes performance and life span, long term tests and simulations are
required. At this moment, it is concluded that a variation in flow and pressure does not influence
the membranes performance, however, since nearly all existing RO-desalination plants and systems
produce at constant loads, no information and literature regarding long term fluctuating loads on the
membrane is available.

• MicRODOT improvement: For future research, an improvement of the MicRODOT test setup is recom-
mended. As the current large boost pump in the setup has a maximum flow rate of around 8.4 m3/h,
the rotational speed of the iSave ERD was limited by this flow, which resulted in a relatively small range
in which the rotational speed could be varied. As shown in Appendix E, the iSave high pressure flow
rate can be set between 6 and 21 m3/hr . Having the ability to increase the low pressure feed flow to-
wards the ERD further, a better understanding regarding the influence of the ERD can be given since
its rotational speed can be varied to higher values. Second, increasing the amount of membranes in a
pressure vessel will results in a desalination system with higher possible recovery rates. With this ad-
dition, the potential of the ERD can be better used and the setups performance and production rate
can be better compared to existing desalination plants and applications. The most interesting setup
expansion would be the addition of a small scale wind turbine to the RO system with ERD for the most
reliable results.

• Test improvement: First, by using saline water for experimental testing, the model results as expected
for higher salinities can be validated more accurately. It is expected that the system behaves in a similar
manner when salt water is used, the model results showed similar behaviour regarding permeate pro-
duction and flow rates, but higher system pressures. As the osmotic pressure of salt water is higher, the
pressures needed for desalination will be higher and thus the experimental tests might give slightly dif-
ferent results compared to the numerical model. On top of that, due to the larger difference in inlet and
outlet pressure of the ERD, the efficiency of the pressure exchanging mechanism will become higher, re-
sulting in lower leakage rates and higher permeate productions. Second, the experimental tests should
be conducted with a time-domain rotor model on the high pressure pump. Abrupt variation in flow
rates and pressures aren’t considered during the conducted tests, using a fluctuating inconsistent wind
model will give better insight in the dynamic behaviour of the membranes under variable loads.
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• Spear valve implementation: To determine optimal usage and performance of the wind driven reverse
osmosis system, the implementation and use of a spear valve should be investigated. The experimental
setup is designed in such a way that a spear valve can be used in a flow line parallel to the RO and
ERD configuration. As was seen from the results, a control strategy is necessary since the ERD barely
influences the system pressures hence pump torques and a linear relation between pump torque and
rotational speed was obtained. A parallel flow line configuration, such that water is being produced at
a constant rate and the pressure variation is accounted for by the spear valve should be researched.
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A
Hydraulic diagram and component list

In this Appendix, first the hydraulic diagram of the MicRODOT experimental test setup can be found. Second,
the component list is listed in here. The components shown in the hydraulic diagram are labelled and can be
identified using this list.
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Table A.1: Component list
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B
Wind driven Seawater Reverse Osmosis -

Input parameters

In this appendix, the input parameters used for the wind driven seawater reverse osmosis model in Chapter
6 are given.
The input parameters used for the model are shown in Table B.1:

Table B.1: Input parameters for wind turbine design

Parameter Value Units
ωHPP 0 - 750 rpm
Vp 3.5e−5 m3/r ev
Kw 3.3e−9 s/m
Am 7.34 m2

nmem 4 -
δ 0.2641 Pa/ppmK
R 0.993 -
a 0.5 -
QERD 10 m3/hr
Tw ater 25 ◦C
C f 32000 ppm
ηhydr 0.8 -
ηmech 0.9 -
Ur ated 12 m/s
Ui n 3 m/s
Uout 23 m/s
Cp,max 0.35 -
Ct ,max 0.086 -
vt i p,max 80 m/s
ρai r 1.225 kg/m3

ρw ater 1025 kg/m3

γnoERD 10 %
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C
Experimental test setup - Main

components

In this appendix, first more detail information regarding the used components is given. Next, the test plan,
describing the steps taken before, during and after each tests, is elaborated on. Finally, the tests and tests
results regarding the volumetric efficiency determination of the high pressure pump will be explained.

C.1. MicRODOT Experimental setup - Components
In here, of each main component the main characteristics, limitations and specifications are given. Of some
of the components, more detailed information from the manufacturer is given in Appendix E.

C.1.1. High Pressure Pump and Electric motor
The high pressure pump is a ’The Water Hydraulics, Janus M30 Bidirectional positive displacement pump’. It
is coupled to an electric motor of Elsto. The characteristics of both are given below:

Table C.1: High pressure pump - Janus M30.

Manufacturer The Water Hydraulics
Type Janus M30 MB160-M35
Rotational Speed 4000 RPM
Displacement 34.6 cm3/r ev
Pressure (max) 160 bar
Temperature 2- 50 °C

Table C.2: Electric motor - Elsto.

Manufacturer Elsto
Type H3G-160M-4
Rotational Speed (max) 1500 RPM
Rated Power 7.5 kW
Voltage 3 x 400 V
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C.1.2. Reverse Osmosis system
For the Reverse Osmosis system, 4 RO membranes are used, each one placed in a pressure vessel. The 4
membranes are installed in a parallel configuration for maximum concentrate flow, needed to feed the ERD.

Table C.3: RO membranes - DOW FILMTEC

Manufacturer DOW FILMTEC
Type SW30-4040
Active Area 7.4 m2

Permeate flow rate 7.4 m3/d
Feed flow rate (max) 3.6 m3/h
Salt rejection 99.4 %
Pressure (max) 69 bar
Pressure drop (max) 1 bar
Temperature (max) 45 °C

Table C.4: Pressure Vessel - Eurotrol.

Manufacturer Eurotrol
Type H4E4G1
Pressure (max) 69 bar
Amount of membranes 1 -
Membrane size suitable 40 inch

C.1.3. Energy Recovery Device
The Energy Recovery Device, used to recover energy from the high pressure concentrate flow, is the iSave 21
plus.

Table C.5: ERD - iSave-21 Plus.

Manufacturer Danfoss
Type iSave 21 Plus
Rotational Speed 500-1500 RPM
Flow rate 6-21 m3/h
Displacement 265.8 cm3/r ev
HP inlet pressure (min) 15 bar
HP inlet pressure (max) 83 bar
LP outlet pressure (min) 1 bar
Leakage (max) 2 %
Motor size (Power) 5.5 kW
Temperature 2-40 °C
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C.1.4. Boost Pumps
The system makes use of two centrifugal boost pumps, one referred to as the large boost pump (largest flow)
feeding the ERD, and one smaller boost pump feeding the high pressure pump. The large pump is the Calpeda
pump, the smaller pump is the Grunfos pump.

Table C.6: Boost Pumps

(a)

Manufacturer Calpeda
Type NGX 6/22
Flow rate 0.5 -8.4 m3/h
Rotational speed (max) 2800 RPM
Pressure 2.5 -4.5 bar
Temperature 0 - 35 °C
Rated power 1.5 kW
Voltage 3 x 400 V

(b)

Manufacturer Grundfos
Type CRN3-11 A-FGJ-G-E-HQQE
Flow rate (max) 3 m3/h
Rotational speed (max) 2870 RPM
Pressure (max) 25 bar
Temperature -20 - 120 °C
Rated power 1.1 kW
Voltage 3 x 400 V

C.1.5. Filters
In the setup, two filter are installed. The filters are used necessary to avoid particles of a certain size to damage
the high pressure pumps and the ERD. For the high pressure pump, the maximum allowed particle size is 10
micron, therefor a 10 micron filter is used in that line. The maximum particle size for the ERD is 3 micron
hence a second filter was necessary.

Table C.7: Filters

(a)

Manufacturer Cintropur
Type NW500
Particle size 10 µm
Flow rate (max) 28 m3/h
Pressure (max) 16 bar
Temperature 0- 50 °C

(b)

Manufacturer EWP-USA
Type HPCF-B-5DC2
Particle size 3 µm
Flow rate (max) 9 m3/h
Pressure (max) 6 bar
Temperature (max) 45 °C

C.1.6. Sensors
In the setup, flow, pressure and temperature sensors are installed. They are used for data logging as well as
making sure the system is not operating at pressure or flow limits.

Flow Sensor Three flow sensors are installed, one in the feed flow line the high pressure pump, one in the
permeate flow line and one in the feed flow line of the ERD. The SM7000 is used for the HPP and permeate
flow lines, since there the flow rates are relatively small. The ERD feed flow rate is larger than the max flow of
the SM7000, therefore the SM9000 is used in that flow line.

Table C.8: Flow sensors

(a)

Manufacturer IFM
Type SM7000
Flow rate 0.01 - 3 m3/h
Sampling time 20 ms
Temperature -20 - 70 °C
Pressure (max) 16 bar

(b)

Manufacturer IFM
Type SM9000
Flow rate 0.3 - 18 m3/h
Sampling time 20 ms
Temperature -20 - 70 °C
Pressure (max) 16 bar

Pressure Sensors For pressure sensors, a difference in low and high pressure pressure sensors is made. For
the low pressure lines, the FST800-211 are used, for the high pressure lines, the FST800-2000 are used.
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Table C.9: Pressure sensors

(a)

Manufacturer Firstrate
Type FST800-211
Pressure 1 - 600 bar
Sampling time 20 ms
Temperature -20 - 125 °C

(b)

Manufacturer Firstrate
Type FST800-2000
Pressure 10 - 400 bar
Sampling time 20 ms
Temperature -20 - 85 °C

Temperature Sensor Temperature sensors are used to for two purposes. The first is to log the temperature
of the water, since this is an important parameters for i.e. the osmotic pressure term. Second, a sudden
increase in water temperature could say something about the high pressure pump running dry.

Table C.10: Temperature sensor

Manufacturer Firstrate
Type FST600-202
Pressure 0 - 300 bar
Sampling time 20 ms
Temperature -50 - 200 °C

C.1.7. Concentrate Valve
To be able to guarantee a constant pressure of at least 1 bar at the ERD low pressure outlet, a pressure relief
valve is used. For the setup, a check valve is chosen which can be set to a fixed position at which it opens, for
ranges between 1 to 1.5 bar. Since a minimum of 1 bar is necessary, such a valve is sufficient and is the easiest
and less expensive solution to guarantee a constant pressure.

C.2. Test Plan
The test plan is described in this section. This plan shows which steps to take before, during and after testing
to assure safe and proper testing. The test plan is written and executed in Excel. Of this file, some direct
copies of the test plan are given. The test plan makes use of the component names as can be found in the
Hydraulic diagram in Appendix A. For the tests that focus on varying the rotational speed of the HPP, the test
plan is given in Table C.11, for the tests covering a variation in rotational speed of the ERD, the plan is given
in Table C.12. In these tables, it is referred to ’ROi tests’ which stands for ’Reverse Osmosis integration tests’.
The entire setup can be used for different tests, some focusing on water production and some on electricity
production, and therefore each type of test is given a name. Note that the tests as stated in the tables have
been conducted several times hence the test numbers 7 and 8.
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Table C.11: Test plan for tests having constant rotational speed of the ERD while varying the rotational speed of the HPP

Test no. Component Action Expected result
7 Constant ERD - Varying HPP

rpm test 2
7.01 Set valves Set all manual valves in right

direction to use for ROi tests
7.02 Open valve HW35-MV Open valve HW35-MV Water will flow through valve

when ERD is turned on
7.03 Inspect hydraulic lines Check for loose hydraulic con-

nections
7.04 Check sensor signals
7.05 Log signals E43FT,E48FT, E54FT,

E50PT,E52PT, E53PT, E49-
TT, RPM ERD, RPM HW14PU

Log signals for water produc-
tion and pressures in system

7.06 Turn on HW03BP Slowly increase RPM of
HW03BP

Flush ERD up to 7 m³/hr feed
flow is realized

7.07 Turn on HW23ERD Slowly increase RPM of
HW23ERD to meet flowrate
(min 500RPM)

ERD flowrate will increase, sys-
tem will be filled with water,
RPM will be 500rpm

7.08 HW26PR gives right back pres-
sure

Check sensor E53-PT for at
least 1bar pressure

Pressure is at least 1 bar

7.09 Close valve HW35-MV Close valve HW35-MV When air is relieved from sys-
tem, close valve

7.10 Turn on HW01BP Slowly increase RPM of
HW01BP

HW14PU will be fed

7.11 Turn on and Control RPM of
HW14PU

Increase RPM of HW14PU with
50 RPM every 15 secs up to 700
RPM, depending on permeate
produced (max = 1.223 m3/hr).
Decrease RPM at same with
same stepsize per timestep

HP flow and pressure will
slowly increase, permeate
water will be produced up to
determined amount and will
most probably follow same
step pattern. Check if system
reaches steady state within 15
sec.

7.12 Turn of HW01BP Slowly decrease RPM of
HW01BP to complete stand-
still when HW14PU is turned
off

Water stops feeding HW14PU

7.13 Turn off HW23ERD Slowly decrease RPM of
HW23ERD to complete stand
still

Turn off HW23ERD when pres-
sure at membranes is as de-
sired

7.14 (Open HW37EV) For faster depressurising of the
system - Open HW37EV

Pressure will drop faster when
HW37EV is opened

7.15 Turn off HW03BP Slowly decrease RPM of
HW03BP to complete stand
still

Turn off HW03BP so it will no
longer feed the ERD

7.16 Save and write log files
7.17 Check log files
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Table C.12: Test plan for tests having constant rotational speed of the HPP while varying the rotational speed of the ERD

Test No. Component Action Expected result
8 Constant HPP rpm - Varying

ERD RPM test 2
8.01 Set valves Set all manual valves in right

direction to use for ROi tests
8.02 Open valve HW35-MV Open valve HW35-MV Water will flow through valve

when ERD is turned on
8.03 Inspect hydraulic lines Check for loose hydraulic con-

nections
8.04 Check sensor signals
8.05 Log signals E43FT,E48FT, E54FT,

E50PT,E52PT, E53PT, E49-
TT, RPM ERD, RPM HW14PU

Log signals for water produc-
tion and pressures in system

8.06 Turn on HW03BP Slowly increase RPM of
HW03BP

Flush ERD up to 7 m³/hr feed
flow is realized

8.07 Turn on HW23ERD Slowly increase RPM of
HW23ERD to 450 rpm

ERD flowrate will increase, sys-
tem will be filled with water

8.08 HW26PR gives right back pres-
sure

Check sensor E53-PT for at
least 1bar pressure

Pressure is at least 1 bar

8.09 Close valve HW35-MV Close valve HW35-MV When air is relieved from sys-
tem, close valve

8.10 Turn on HW01BP Slowly increase RPM of
HW01BP

HW14PU will be fed

8.11 Turn on HW14PU Slowly increase RPM of
HW14PU up to +600 RPM
until permeate production is
around 1m³/hr.

HP flow and pressure will
slowly increase, permeate
water will be produced up to
determined amount

8.12 Increase RPM of ERD and de-
crease with same steps

Increase RPM of ERD
with25rpm per 15 sec up
to max 650 rpm and decrease
back to 450 rpm

Pressures/flows vary?

8.13 Turn off HW14PU Turn of HW14PU Pressure will drop
8.14 Turn of HW01BP Slowly decrease RPM of

HW01BP to complete stand-
still when HW14PU is turned
off

Water stops feeding HW14PU

8.15 Turn off HW23ERD Slowly decrease RPM of
HW23ERD to complete stand
still

Turn off HW23ERD when pres-
sure at membranes is as de-
sired

8.16 (Open HW37EV) For faster depressurizing of the
system - Open HW37EV

Pressure will drop faster when
HW37EV is opened

8.17 Turn off HW03BP Slowly decrease RPM of
HW03BP to complete stand
still

Turn off HW03BP so it will no
longer feed the ERD

8.18 Save and write log files
8.19 Check log files
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C.3. Determination of Volumetric Efficiency
In this subsection, the determination of the volumetric efficiency of the high pressure pump is given. This
efficiency depends on the pressure of the system and the rotational speed of the high pressure pump and is
determined empirically for different pressures and speeds. To map the efficiency, one flow sensor is placed
in the intake line of the high pressure pump, and one is located in the leakage line. The difference between
these two flows is the output flow provided by the high pressure pump. A spear valve is located in the high
pressure output line of the high pressure pump, to control the pressures. Several tests are done, for each tests
the spear valves’ position was set to a different fixed position, after which the rotational speed of the high
pressure pump was increased step wise up to the maximum possible rotational speed. This resulted in a total
mapping of pressures, flows and efficiencies.

The shown results are for the flow rates and pressures at which the tests have been conducted. However, for
future usage of the setup, data at higher pressures and rotational speeds is obtained and stored as well. In
Figure C.1, the pressure (Figure C.1a), flow rate (Figure C.1b) and efficiency (Figure C.1c) over the rotational
speed of the high pressure pump are given. For the given pressure and flow range of the pump, the mean
volumetric efficiency, as can be seen from Figure C.1c, is approximately 0.71. This mean value is used in the
numerical model.

400 500 600 700 800 900
Rotational speed [RPM]

5

10

15

20

25

30

Pr
es

su
re

 [b
ar

]

(a) Pressure over rotational speed

400 500 600 700 800 900
Rotational speed [RPM]

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

Hi
gh

 p
re

ss
ur

e 
pu

m
p 

flo
wr

at
e

(b) Output flow over rotational speed

Figure C.1: Determination of the volumetric efficiency of the High Pressure pump for different flows and pressures
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(c) Volumetric efficiency per rotational speed

Figure C.1: Determination of the volumetric efficiency of the High Pressure pump for different flows and pressures

C.4. Visualisation MicRODOT Test Setup
Some additional images of the MicRODOT test setup are given here. In Figure C.2, the three water tanks are
shown. The feed water tank (white, right) contains approximately 0.7m3 of water, from here the two boost
pumps are provided with feed water. The black tank (middle) is the concentrate storage tank and the green
tank (left) is the permeate storage tank. From both the concentrate and the permeate tank, water is pumped
back into the feed water tank, so that it can be re-used. Above the water tank, the Pelton turbine with the
generator and two spear valves can be seen. These are not used for this research, but for future research, they
can be added to the desalination setup.

Figure C.2: The three water tanks shown in the figure are the permeate tank (green, left), the concentrate tank (black, middle) and the
feed water tank (white, right).

In Figure C.3, a more zoomed-in picture of the test setup is shown. There, the two filters (denoted by Fi),
the two boost pumps (BP) and the ERD can be distinguished. The iSave ERD actually consists of three
components, on the left is the electric motor, in the middle the pressure exchanger is located and on the right
(at the tip) the positive displacement recirculating pump is placed.
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Figure C.3: A close up of the setup, clearly showing the filters, boost pumps and ERD

In the images given by Figure C.4, a progress overview is given during the design and construction phase of
the MicRODOT test setup.

(a) (b)

Figure C.4
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(c) (d)

(e)

(f) (g)

Figure C.4
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D
Energy Recovery Devices - Elaborate

information

This appendix will provide information about the types of Energy Recovery Devices. A short description of
each type is given.

D.1. Francis Turbine
The Francis Turbine (Figure D.1), or reverse running pumps, are ERDs that transfer hydraulic energy to me-
chanical energy. It was the first type of ERD deployed in Seawater Reverse Osmosis (SWRO) desalination
plants. However, the flow range an d pressure required for getting maximum efficiency of operation was very
narrow and limited, which was one of the main disadvantages [16]. Due to their low efficiency of around 50
to 60%, they where replaced by Pelton wheels in the 1980s [19].

Figure D.1: Francis turbine with Generator [16]

D.2. Pelton Wheel
A Pelton wheel is similar to a water wheel. A high pressure feed water stream is directed into the buckets of
the Pelton wheel via a nozzle, as can be seen in Figure D.2. In this way, the kinetic energy of the pressurised
feed stream is converted into mechanical energy in the form of rotation. This mechanical energy can then
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be used in two ways. It can be either used to produced electricity by adding a generator to the shaft of the
Pelton wheel, which can then be converted into pumping power again or a pump can be directly connected
to the shaft to boost up the inlet pressure of the RO membrane.

Figure D.2: Pelton wheel working principle

The overall efficiency of the Pelton wheel is higher than of the Francis Turbine. Its efficiency remains con-
stantly high, also during variations in pressure and flow. The overall efficiency of a SWRO plant that uses a
Pelton wheel is 80 to 85% [16].

D.3. Turbocharger/Hydraulic Pressure Booster
When using a turbocharger, the high pressure concentrate stream coming out of the membranes is used
to make a hydraulic turbine spin. This spinning motion means the turbine is driven by kinetic energy.
A so called compressor wheel is attached to the same axis as the turbine. At the inlet of the compressor
wheel, a low pressure feed stream comes in. The compressor wheel converts the kinetic energy of the
compressor wheel back in hydraulic energy, creating a high pressure feed stream [33]. The working principle
is visualised in Figure D.3. This figure is based on an existing figure which explained the working principle
of a turbocharger for cars, however, the working principle is similar for energy recovery principles using
hydraulic fluids.

Figure D.3: Turbocharger working principle [34]
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The efficiency of the Turbocharger has a maximum of around 89% to 90%, which is a little higher than the
efficiency of the Pelton wheel. However, the highest transfer efficiency can be calculated by multiplying
the efficiency of each part of the turbocharger. These parts are the nozzles, impellers and turbines, giving
approximately 90% ·90% ·99%, which gives around 80% efficiency.

The Turbocharger can be adapted and used for small flow rates, meaning it can be used for small scale desali-
nation plants. To increase flow rates, large scale hydraulic pumps need to be used, making it less attractive
for larger implementations.

D.4. DWEER
The DWEER Energy Recovery Device does not convert its hydraulic energy to mechanical energy. It directly
converts hydraulic energy to hydraulic energy, from the brine stream to the feed stream. The main advantage
is that direct energy transfer is more efficient. This is called a ’work exchanger’. The DWEER separates the
reject(brine) and the feed stream by a piston via a simple design. It consists of two pressure vessels, four
check valves and a so called LinXTM valve. A DWEER ERD can be used in large desalination plants, mostly
due to its large size pressure vessels.

Figure D.4: DWEER working principle [35]

The working principle of the DWEER will be explained using image D.4. Low pressure seawater enters the
DWEER via the check valves. In the LinXTM valve, the high pressure brine stream enters via the middle
inlet. This high pressure brine stream enters the top vessel, which at that moment is already filled with low
pressure seawater. The streams are separated by pistons. The pressure of the brine is transferred to the
seawater, which then exit the DWEER via the check valves, now having a high pressure. At the same time,
low pressure seawater enters the bottom vessel, pushing out the low pressure brine water that was already
in place. This brine exits the DWEER via the bottom side of the LinXTM valve. After that, the LinXTM valve
actuates, meaning it switches and the process repeats itself, but now the other way around since the top
vessel now contains low pressure brine and the bottom vessel has low pressure seawater in place. When
using a DWEER, a booster pump is still necessary to pressurize the feed stream up to the correct pressure.

D.5. Pressure Exchanger (PX)
The most efficient and widely used ERD nowadays is the Pressure Exchanger Energy Recovery Device, also
known as PX ERD. Just like the DWEER, the Pressure Exchanger (PX) converts hydraulic energy directly to
hydraulic energy. This is done by the use of a rotating piston, firstly designed by Energy Recovery Inc [16].
The working principle is explained by the use of Figure D.5.

1. The rotor (depicted as the white cylinder) rotates in the direction as shown by the arrow. The rotor
chamber is filled with low pressure feed water, provided by a boost pump. This replaces the low pressure
brine water that was in place.
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Figure D.5: Pressure exchanger (PX) working principle [17]

2. While rotating, the chamber is fully filled with low pressure feed water.

3. The high pressure concentrate pushes out the low pressure feed, directly converting the hydraulic en-
ergy of the concentrate water to the feed water. In this way, the low pressure feed becomes a high
pressure feed stream. This feed stream will feed the reverse osmosis membranes.

4. All the feed water is pushed out of the chamber and the chamber now fully contains low pressure con-
centrate water. Now we are back to step one and the cycle repeats.

Since there is no physical barrier between the feed water and the concentrate, a small part of the concentrate
will mix with the feed water, leading to a slight increase of the high pressure feed water stream. This mixing
can be (mostly) accounted for by supplying more low pressure feed water then there is concentrate water.
The performance of the pressure exchanger can be determined by its energy transfer efficiency and the
degree of mixing. The efficiency of the PX can be seen as the ratio of the total energy output by the device tot
the total energy input (in a percentage). The rotational speed can be up to approximately 1500 rounds per
minute (rpm), depending on the length of the rotor and the flow rate of the concentrate.

Pressure Exchanger ERDs are mostly used in medium to large scale desalination systems, since it is most
efficient to use at high concentrate flows. Nowadays however, more and more small scale PX ERDs are be-
ing developed, meaning they can compete with, for example, turbocharger ERDs in small scale operations.
A graph comparing the efficiencies of the isobaric, turbocharger and Pelton turbine ERDs can be found in
Figure D.6.

Figure D.6: Efficiencies of Energy Recovery Devices [16]
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E
Technical Data and Performance Sheets

This appendix includes the technical data of respectively the iSave 21 Plus and the Reverse Osmosis mem-
branes (DOW Filmtec SW30-4040) used in the MicRODOT experimental setup. On top of that, the perfor-
mance data of the used high pressure pump (Janus M30) and the two boost pumps is given.
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3. Technical data 3.1 iSave without motor

iSave size iSave 21 Plus iSave 40

Code number 180F7015 180F7011

Geometric displacement
cm³/rev 273 626

In³/rev 16.7 38.2

Pressure

Differential pressure HP in - HP out max. 1)
bar 5 5

psi 72.5 72.5

HP max. outlet pressure
barg 83 83

psig 1200 1200

HP min. inlet pressure
barg 15 20

psig 217 290

HP max. inlet pressure
barg 83 83

psig 1200 1200

HP inlet min. pressure, 
intermittent 2) 3)

barg 3 3

psig 44 44

LP inlet max. pressure
barg 5 5

psig 72 72

LP inlet max. pressure intermittent 3)
barg 10 10

psig 145 145

LP outlet min. pressure
barg 1 1

psig 14.5 14.5

LP differential LP in - out at HP max. flow
bar 0.9 1.2

psi 13 17.5

Speed

Min. speed rpm 500 600

Max. speed rpm 1500 1200

Typical flow

HP outlet flow range 4)

at max. differential pressure

m³/h 6-22 21-41

gpm 26-96 92-180.5

Lubrication flow at 60 barg (871 psig) max. m³/h 0.4 0.8

gpm 1.8 3.5

LP inlet max. flow
m³/h 33 67

gpm 145 295

Torque

Torque at max. differential pressure
operation 1)

Nm 49 102

lbf-ft 36 75

Max. starting torque (stick/slip)
Nm 50 150

lbf-ft 37 110

Media temperature 5)

oC 2-40 2-40
oF 36-122 36-122

Ambient temperature
oC 0-50 0-50
oF 32-104 32-104

Filtration requirements (nominal) 6) 3 micron melt-blow

Salinity increase at membrane at 40% recovery rate 2-3 %

Weight
kg 47 123

lb 103 271

1) Continuous torque above max. differential pressure  
 will reduce the lifetime of the iSave.
2) Pressure can reach this pressure level at start-up   
 and permeate flush.
3) Intermittent pressure is acceptable for less than 10  
 

       minutes within a period of 6 hours.
4) Typical average flow at 60 bar.
5) Dependent on NaCI concentation.
6) Please see section 7.  filtration.
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3.2 iSave with IEC motor

iSave iSave 21 Plus A) iSave 21 Plus iSave 40

Code number horizontal 180F7016 180F7017 180F7001 180F7004

Code number vertical 180F7016 180F7017 180F7003 180F7005

Motor size IEC version IEC 400 V, 
50 Hz 1) 

kW 5.5 7.5 11 15

HP 7.5 10 15 20

Frame size
IEC 132 S 132 M 160 L 180 L

pole 4 4 6 6

Motor data

Nominal speed rpm 1450 1450 970 970

Min. speed at 400 V rpm 500 2) 500 600 600

Max. speed at 400 V rpm 1500 1500 3) 1100 1200

Rated current at 400 V A 11 15.2 22 30

Torque

Motor torque at norminal speed 3) 4)
Nm 36 49 5) 108 146

lbf-ft 26.5 36 80 107.7

Motor torque at min. speed 3)
Nm 27 36 95 129

lbf-ft 20 27 70 95

Motor ambient temperature, max. 
oC 40 40 40 40

oF 122 122 122 122

Motor insulation Class B B B B

Motor degrees of protection IP 55 55 55 55

Sound pressure level max. 6) dB(A) 78 79 84 84

Weight
kg 105 116 254 305

lb 231 255 560 672

Footprint (horizontal/vertical)
m² 0.31 0.32 0.5/0.16 0.54/0.17

foot² 3.34 3.45 5.38/1.72 5.81/1.83

1) Three-phase-asynchronous-motor according to 
DIN-IEC and VDE 0530 standards.
• Voltage and frequency according to IEC 38
• The motors are fitted with a rating plate in 

multi-tension: 380-420 V / 660-720 V, 50 Hz or 
440-480 V, 60 Hz

• Tolerance ± 5% according to VDE 0530
• Standard coating according to IEC 60721-2-1

2) If voltage is below 400 V we recommend to use 
another size of electric motor. 
Please contact Danfoss High Pressure Pumps for 
further information.

3) Torque load for iSave and motor see diagram on 
page 23 and 25.

4) Due to inertia and stick-slip friction of the iSave, the 
torque may exceed the maximum allowable 
operation torque for the iSave when  it is taken into 
use and/ or speed is ramped up from zero to 
maximum. A VFD or a soft  starter must be used for 
ramp up.

5) The starting torque must not exceed the values 
stated under “Max. starting torque (stick/slip)”. The 
VFD must be able to deliver 140% start torque. The 
Danfoss VFD type FC 301 and FC 302 can be used. 
For advice on VFD settings, please consult our 
relevant guideline or contact Danfoss.

6) A-weighted sound pressure level at 1 meter from 
the pump unit surfaces (reference box) acc. to EN 
ISO 20361 section 6.2. The noise measurements are 
performed acc. to EN ISO 3744:2010 on ERD with 
motor (motor-pump unit) at max. pressure and 
speed.

A)  Differential pressure HP in - HP out max.  is limited
to 3 bar [44 psi]
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4. Flow at different rpm The diagram shows that the HP flow can be 
changed by changing the rotation speed of the 
iSave. The flow/rpm ratio is constant, the 
required flow is obtainable by changing the 
rotation speed to a required value. 

For accurate data please use our selection tool 
which is available on our website: 
www.isave.danfoss.com

The iSave is delivered with a 3.1 performance 
certificate according to EN10204. 

5.   Corrosion 5.1 Operation
The chart below illustrates the corrosive
resistance of different types of stainless steel
related to NaCl concentration and temperature.
All critical parts of the iSave is made of
Super Duplex 1.4410/UNS 32 750 or Duplex
1.4462/UNS 32803.

Always flush the iSave with fresh water at 
operation stop in order to minimize the risk of 
crevice corrosion.
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11. Performance curves
11.1 Performance and torque curves iSave 21 Plus
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Page 1 of 2 ™® Trademark of The Dow Chemical Company ("Dow") or an affiliated company of Dow Form No. 609-00377-0406 

 FILMTEC™ SW30-4040 Membranes 

 
Features 
 
 
 
 
 
 

Improved FILMTEC™ seawater reverse osmosis elements offer the highest productivity 
while maintaining excellent salt rejection. 
 
• 

• 

• 

FILMTEC SW30 membrane elements have the highest flow rates available to meet the 
water demands of both sea-based and land-based desalinators. 
FILMTEC SW30 elements may also be operated at lower pressure to reduce pump size, 
cost and operating expenses. 
Improved FILMTEC seawater membrane combined with automated, precision element 
fabrication result in the most consistent product performance available. 

 
 
Product Specifications 
 
Product  

 
Part Number 

Active Area 
ft2 (m2) 

Applied Pressure 
psig (bar) 

Permeate Flow Rate 
gpd (m3/d) 

Stabilized Salt 
Rejection (%) 

SW30-2514 80733 6.5 (0.6) 800 (55) 150 (0.6) 99.4 
SW30-2521 80734 13 (1.2) 800 (55) 300 (1.1) 99.4 
SW30-2540 80737 29 (2.8) 800 (55) 700 (2.6) 99.4 
SW30-4021 80740 33 (3.1) 800 (55) 800 (3.0) 99.4 
SW30-4040 80741 80 (7.4) 800 (55) 1,950 (7.4) 99.4 
1. Permeate flow and salt rejection based on the following test conditions:  32,000 ppm NaCl, pressure specified above, 77°F (25°C) and the following recovery rates;   
 SW30-2514 – 2%, SW30-2521 & SW30-4021 – 4%, SW30-2540 & SW30-4040 – 8%. 
2. Permeate flows for individual elements may vary +/-20%. 
3. For the purpose of improvement, specifications may be updated periodically. 
 
 

FilmTec sells coupler part
number 89055 for use in multiple
element housings. Each coupler
includes two 2-210 EPR o-rings,
FilmTec part number 89255.

A
B B

D DIAC DIA

Feed

Fiberglass Outer Wrap
End Cap ProductBrine

Figure 1 

 
 
 
 Maximum Feed Flow Rate Dimensions – Inches (mm) 
Product  gpm (m3/h) A B C D 
SW30-2514 6 (1.4) 14.0 (356) 1.19 (30.2) 0.75 (19) 2.4 (61) 
SW30-2521 6 (1.4) 21.0 (533) 1.19 (30.2) 0.75 (19) 2.4 (61) 
SW30-2540 6 (1.4) 40.0 (1,016) 1.19 (30.2) 0.75 (19) 2.4 (61) 
SW30-4021 16 (3.6) 21.0 (533) 1.05 (26.7) 0.75 (19) 3.9 (99) 
SW30-4040 16 (3.6) 40.0 (1,016) 1.05 (26.7) 0.75 (19) 3.9 (99) 
1. Refer to FilmTec Design Guidelines for multiple-element systems. 1 inch = 25.4 mm 
2. SW30-2514, SW30-2521 and SW30-2540 elements fit nominal 2.5-inch I.D. pressure vessels.   

SW30-4021 and SW30-4040 elements fit nominal 4-inch I.D. pressure vessel. 
 

Lenntech
info@lenntech.com   Tel. +31-152-610-900
www.lenntech.com   Fax. +31-152-616-289
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Operating Limits • 
• 
• 
• 
• 
• 
• 
• 

• 
• 
• 

• 
• 

• 

• 

• 
• 

Membrane Type Polyamide Thin-Film Composite 
Maximum Operating Temperature 113°F (45°C) 
Maximum Operating Pressure 1,000 psi (69 bar) 
Maximum Pressure Drop 15 psig (1.0 bar) 
pH Range, Continuous Operationa 2 - 11 
pH Range, Short-Term Cleaningb 1 - 13 
Maximum Feed Silt Density Index SDI 5 
Free Chlorine Tolerancec <0.1 ppm 

a Maximum temperature for continuous operation above pH 10 is 95°F (35°C). 
b Refer to Cleaning Guidelines in specification sheet 609-23010. 
c Under certain conditions, the presence of free chlorine and other oxidizing agents will cause premature membrane failure.  

Since oxidation damage is not covered under warranty, FilmTec recommends removing residual free chlorine by 
pretreatment prior to membrane exposure.  Please refer to technical bulletin 609-22010 for more information. 

 
Important 
Information 

Proper start-up of reverse osmosis water treatment systems is essential to prepare the 
membranes for operating service and to prevent membrane damage due to overfeeding or 
hydraulic shock.  Following the proper start-up sequence also helps ensure that system 
operating parameters conform to design specifications so that system water quality and 
productivity goals can be achieved. 
 
Before initiating system start-up procedures, membrane pretreatment, loading of the 
membrane elements, instrument calibration and other system checks should be completed. 
 
Please refer to the application information literature entitled “Start-Up Sequence” (Form No. 
609-02077) for more information. 
 

Operation 
Guidelines 

Avoid any abrupt pressure or cross-flow variations on the spiral elements during start-up, 
shutdown, cleaning or other sequences to prevent possible membrane damage.  During 
start-up, a gradual change from a standstill to operating state is recommended as follows: 

Feed pressure should be increased gradually over a 30-60 second time frame. 
Cross-flow velocity at set operating point should be achieved gradually over 15-20 seconds.
Permeate obtained from first hour of operation should be discarded. 

 
General 
Information 

Keep elements moist at all times after initial wetting. 
If operating limits and guidelines given in this bulletin are not strictly followed, the limited 
warranty will be null and void. 
To prevent biological growth during prolonged system shutdowns, it is recommended that 
membrane elements be immersed in a preservative solution. 
The customer is fully responsible for the effects of incompatible chemicals and lubricants 
on elements. 
Maximum pressure drop across an entire pressure vessel (housing) is 50 psi (3.4 bar). 
Avoid static permeate-side backpressure at all times. 

 
 
Notice:  The use of this product in and of itself does not necessarily guarantee the removal of cysts and pathogens from water. 
Effective cyst and pathogen reduction is dependent on the complete system design and on the operation and maintenance of 
the system. 
 
Notice:  No freedom from any patent owned by Seller or others is to be inferred. Because use conditions and applicable laws 
may differ from one location to another and may change with time, Customer is responsible for determining whether products 
and the information in this document are appropriate for Customer’s use and for ensuring that Customer’s workplace and 
disposal practices are in compliance with applicable laws and other governmental enactments. Seller assumes no obligation or 
liability for the information in this document. NO WARRANTIES ARE GIVEN; ALL IMPLIED WARRANTIES OF 
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE ARE EXPRESSLY EXCLUDED. 
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The Water Hydraulics Co. Ltd. 

Alexandra House, English Street, Hull, East Yorkshire, HU3 2DJ, United Kingdom. 

Tel: +44 (0)1482 595000, E-Mail: sales@waterhydraulics.co.uk.  

England Website: www.waterhydraulics.co.uk 

 Whilst every endeavour has been made to ensure accuracy, this publication cannot be considered to represent  

part of any contract, whether expressed or implied. The publishers reserve the right to amend specification at their discretion. 

FM 87247 
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F
Electrical Wiring Diagram

This appendix shows the electrical wiring diagram of the electrical control cabinet, designed to be able to
control and power the MicRODOT experimental setup.
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