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Performance analysis of a hydraulic tidal
turbine for seawater desalination

A. Jarquin Laguna and F. Greco

Abstract—Tidal energy is increasingly recognized as
a viable renewable energy source with applications ex-
tending beyond electricity generation, including seawater
desalination for coastal and off-grid communities. This
study investigates a novel direct-driven tidal desalination
system that eliminates intermediate electrical conversion
by mechanically coupling a horizontal-axis tidal turbine
to a high-pressure positive displacement pump and a Sea-
water Reverse Osmosis system with an integrated energy
recovery device. The system converts the mechanical power
of the turbine into hydraulic energy, driving pressurized
seawater through reverse osmosis membranes to produce
freshwater, while the brine is recirculated through the En-
ergy Recovery Device to improve efficiency. A time-domain
numerical model simulates the system’s performance in
the below-rated, variable-speed operational range for two
configurations under steady-state and turbulent tidal flow
conditions. Results indicate that the proposed variable
displacement configuration maintains a constant tip speed
ratio and offers more stable operation. A 140 kW rotor is
capable of producing up to 88.3 m3/h of freshwater at rated
current speed, with a specific energy consumption of 3.2
kWh/m3. Under turbulent flow conditions, it achieved an
8% increase in freshwater production and lower pressure
fluctuations while maintaining a constant recovery rate.
These findings suggest that active hydraulic control en-
hances the efficiency, stability, and freshwater output of
direct-driven tidal desalination systems. However, practical
constraints such as membrane flow limits, cavitation risk,
and rotor fatigue at high speeds must be addressed in
future design considerations.

Index Terms—Tidal energy, Seawater desalination, Re-
verse Osmosis, Numerical modeling

I. INTRODUCTION

IDAL energy has emerged as a promising source

of renewable energy in recent years and its poten-
tial applications extend beyond electricity generation.
Seawater desalination is a critical process in many
water-scarce regions around the world, and renewable
energies can be harnessed to power this process [1],
[2].

The combination of tidal energy and seawater desali-
nation has several advantages, including a low carbon
footprint, high reliability and stable energy output [3].
The technical and economic challenges for such inte-
gration are not unique to tidal energy technologies.
In particular the performance of a Seawater Reverse
Osmosis (SWRO) membrane under variable pressure
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and flow conditions is a relevant topic to all forms
of intermittent renewable energy [4]. Recent work
includes the experimental performance evaluation of
SWRO for a marine current device [5], as well as for
wave energy applications [6], [7] including the use
of energy recovery device (ERD) [8]. Regarding wind
energy applications, several advances have been made
in the integration of desalination systems with hori-
zontal axis turbines as presented in [9], [10]. One of the
practical advantages of using hydrokinetic turbines, is
the lower power ratings compared with wind turbines
which allow to use off-the shelf hydraulic components.
At the same time, the high pressure pumps are already
located under water so there is no need for priming the
seawater flow. Tidal energy for seawater desalination is
a promising area of research that could help meet the
growing demand for clean drinking water in coastal
regions and for off-grid applications.

In previous studies, it is proposed to use a high
pressure pump coupled to the rotor with a fixed vol-
umetric displacement, where the control of the rotor
speed is achieved indirectly by adjusting the system
pressure through the boost pump and the energy re-
covery device (ERD) [11], [12]. The results of the work
presented in [12] showed that this control strategy is
in principle feasible for a hydrokinetic device operating
below the rated current speed. A wide operating range
of the ERD system is required, resulting in recovery
rates up to 80% when the operation is close to the
rated current speed conditions. However, in practice,
the pressure is limited by the operating range and max-
imum recovery rate of the ERD system, with typical
values up to 50% [13]. Thus, limiting the recovery rate
to a maximum value leads to a decrease in maximum
torque, and resulting in a higher range of operating
rotor speeds as well as tip speed ratios as shown in [14].

To overcome these constraints, this work explores
an alternative configuration in which the integrated
rotor pump has the capability of adjusting the amount
of seawater flow rate by modifying its volumetric
displacement, i.e. the pump can be actively controlled.
Despite the increased complexity, the extra degree of
freedom is expected to allow the device to operate at
optimal hydrodynamic performance in the below rated
variable speed region.

This study contributes to the literature by presenting
a performance comparison between the two configu-
rations and control strategies for a direct-driven tidal
desalination system with an energy recovery device.
The primary objective is to analyse the behaviour of
the turbine based on the operational rotor speeds and
system pressures for each configuration. The secondary
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objective is to compare the performance of the SWRO
system in terms of freshwater production and specific
energy consumption (SEC). Numerical simulations of
a single tidal unit are carried out under steady-state
and under turbulent tidal flow conditions for a single
operating case.

A. Direct-driven hydraulic tidal turbine with energy recov-
ery device

The desalination process without intermediate elec-
trical conversion from tidal energy is proposed as
direct-driven desalination. This is possible with the
direct integration of a turbine rotor with a hydraulic
transmission and a SWRO system. A schematic of the
proposed configuration is shown in Fig. 1.

Reverse osmosis module

frd  Permeate/

Fresh water
Boost
pump

Brine

High pressure pump
N

Current
speed
—

Seawater intake

Concentrate
valve

High pressure Energy recovery device

Low pressure

Fig. 1. Schematic of the direct driven tidal stream SWRO system
with energy recovery device. The high pressure and the boost pump
have active controlled capability indicated by the diagonal arrow.

The proposed configuration consists of a positive
displacement high pressure-pump which converts the
mechanical power of a horizontal axis rotor into hy-
draulic power in the form of a pressurized seawater
flow. The seawater flow rate is directed to reverse
osmosis membranes, where a permeate flow of fresh
water is obtained from the pressure difference between
the high-pressure feed and the membranes’ osmotic
pressure. The remaining brine is circulated through
an ERD and pumped back into the feed flow of the
membranes. The ERD is used to recover the residual
pressure in the discharged brine and transfer it to the
feed flow, thereby enhancing the operating efficiency of
the SWRO. An auxiliary boost pump is used to control
the concentrate flow and offset any pressure losses [15],
[11]. For the case of the boost pump connected to the
ERD, the amount of flow rate can be adjusted by using
power electronics to modify the rotational speed of the

pump.

II. NUMERICAL MODEL APPROACH

A numerical study of the two direct-driven config-
urations and control strategies of the integrated tidal
turbine with SWRO and ERD is developed to assess
the behavior and performance of the system in both
steady-state and dynamic conditions. In the following
paragraphs, a brief description of the simplified math-
ematical models of the main components is presented.
Similar models have been previously employed by
the author in [12]. It is important to highlight the
coupling between the physical variables of the modules
that have an effect on the system behavior. The set
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of algebraic and differential equations that describe
the fully non-linear coupled model are implemented
in MATLAB-Simulink and solved in the time domain
based on numerical integration scheme with variable
time-step.

A. Tidal turbine rotor

For this evaluation, an existing three bladed horizon-
tal axis turbine with a rotor diameter of 10 m was se-
lected. The hydrodynamic characterization of the rotor
is based on the work of [16]-[19]. This rotor delivers
high torque values at optimum operating conditions,
therefore, deemed suitable for this application. The
simplified performance of the rotor is expressed for the
hydrodynamic torque and power as a function of the
upstream tidal velocity U, the water density p,, and
the rotor radius R, as presented in (1) and (2).

1

Thydro = C‘r<)\a B) 5 Pw T R3 Uc2 (1)
1

Paer() = CP(Aa ﬁ) 5 Pw 7TR2 U(3 (2)

The torque and power coefficients C; and Cp coef-
ficients are defined as a function of the collective pitch
angle of the blades § and the tip speed ratio A, which
is defined as the ratio of the rotor tip tangential speed
to the upstream tidal velocity A = ‘“[JCR. The tangential
speed of the rotor is given by the product of the rotor
radius and its rotational speed w;..

B. Hydraulic desalination system

1) Hydraulic drive train: The horizontal axis tidal ro-
tor is rigidly connected to the rotor shaft which drives
the high-pressure pump of the positive displacement
type [20]. The change in angular momentum of the
rotor pump assembly is determined by the difference
between the hydrodynamic torque given by the rotor
Thydro, and the counteracting torque of the water pump
Tp, according to the following equation, where J, rep-
resents the combined mass moment of inertia of the
rotor-pump assembly.

Jrwr = Thydro (U, Ba Wr) —Tp (Vp» Wy, App) (3)

The volumetric flow rate of the seawater pump is
determined by the rotational speed of the pump and
the so called volumetric displacement V,,, which deter-
mines the volume of fluid that is obtained for each ro-
tor revolution. In the case of an active controlled pump,
the effective volumetric displacement can be modified.
In this work such adjustment is introduced through
the factor e, as shown in (4). The internal leakage
losses of the pump are described as a linear function
of the pressure difference across the pump Ap through
the coefficient C; [21]. The torque transmitted by the
pump is given by the quasi-steady relation given in (5),
where mechanical losses are included in the form of
viscous torque and a Coulomb friction torque through
the coefficients B, and (Y, respectively [21], [22]. The
actuator response to modify the variable displacement
factor is included as a first order differential equation
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according to (6). Here, the reference value ¢, ..y and a
characteristic time constant 7, are used.

Qp = V;’ (ep) w, — Cs Ap (4)
T, =V, (ep) Ap+ Bpw, +Cpp Vy,(ep) Ap  (5)

d
Te, %e” = CEpref — Ep (6)

2) Reverse osmosis membranes: For the reverse osmo-
sis desalination process, the solution diffusion model
is used to represent the transport mechanism of water
across the membranes as well as the retention of salts
and ions [23], [24]. The flow rate of each component per
unit area that passes across a single membrane is given
by the water flux according to the following relation:

Jw = Ku(Ap — A7) )

where K, represents the water permeability con-
stant, Apro is the difference in pressure between the
two sides of the membrane and A7 is the osmotic
pressure difference. An effective concentration C.ys at
the feed side of the membrane surface is assumed for
the total dissolved solids in order to obtain an average
osmotic pressure difference as function of the osmotic
pressure coefficient 6 and the seawater absolute tem-
perature 7' [25]. The ratio between the effective and
the seawater feed concentration Cf, is given in (9)
where the salt rejection R,, represents the ability of
the membrane to retain the salts, a is the weighting
coefficient and U is the water velocity. The subscripts
f, c and p stand for the feed, concentrate and permeate
respectively

AT = 6T(Jeff (8)
Cers _ _ _ Us
C—f—a—i—(l a) {(1 Rm)—i—Rm(UC)} 9)

Considering the mass balance over the RO mem-
brane, the following relation between flow rates is
obtained assuming a negligible difference in seawater
density:

UfAf =U.A; + UpAp (10)

An important parameter that characterizes RO mem-
branes is the recovery rate RR, which represents the
ratio of membrane permeate or fresh water to the feed
water of the system. In practice, the recovery rates of
typical SWRO plants are closer to 50% [7],

_ Qp _ UpAp
Qr  Updy
3) Isobaric ERD unit: Applying the mass balance

principle, a simplified model is derived to obtain the

overall mass flow rates of water and solute through
the ERD [26].

RR

(11)

d ou
m;t b= Fyin 4+ Fyin — Fbout (12)
with Fb,out = Fb,in +O0V. Ff,in (13)
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where my s refers to the overall mass of the pres-
surized feed water at the outlet of the ERD unit. The
mass flow rates of the influent streams for the feed
and brine are described by F ;, and Fj ;,, respectively,
whereas F, ,,+ represents the brine effluent. A stream
of water is bypassed during each cycle to keep the
coordination between all the chambers in the pressure
exchanger. This water stream is known as overflush
and is determined by the difference between F} ;, and
F¥ out, typically expressed as a constant ratio OV with
respect to the seawater feed intake [15].

Similarly, the mass balance equation for the solute is
expressed as:

dmp oy
% = Ff,ian,in + Fb7ian)in — }7}7 out ny out (14)
with Cf out =M (Ch,in — Ck,in ) + Ck, in (15)

where my oy is the solute mass of the depressurized
brine, Cy ;», and Cj ;,, indicate the concentrations of the
influent streams for the high pressure brine and low
pressure feed, respectively and Cy.: represents the
concentration of the effluent for the pressurized feed. It
is assumed that the increased salinity of the feed stream
at the outlet of the ERD and at the entrance of the RO
membranes, is given by a constant volumetric mixing
ratio M, between the feed and brine streams. This
change in salinity is caused by the hydraulic energy
transfer in the pressure exchanger.

An auxiliary boost pump is integrated together with
the ERD device to compensate for any pressure losses
and to regulate the recovery rate of the SWRO. Simi-
larly to the pump actuator model, it is assumed that
the boost pump, either with variable speed or variable
displacement, has the ability to adjust the recovery
rate according to the reference value RR,.; and a
characteristic time constant Trrp as described by the
following differential equation:

d
TERD%RR = RR,.y — RR (16)

4) Pitch actuator: The pitch actuator is based on a
pitch-servo model described by a proportional regula-
tor with constant Kz [27]. The demanded pitch Bgem
is obtained from the signal of the pitch controller. The
second-order model includes a time constant ¢ and an
input delay from input ug to the pitch rate 3. During
the simulation, the delayed input u{ is implemented
by storing the input signal and the simulation time in
a buffer for a specified amount of time given by §. The
pitch actuator is implemented with pitch rate limits of
+8 ° per second:

= - 17
p tﬁ (uﬁ 6) ( )
ug = Kﬁ (6dem - /Bmeas) (18)

III. CONTROL STRATEGIES
A. Below rated current speed operation.

For below rated current speeds, the power capture
of the turbine rotor is maximized by adjusting its
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rotational speed to match the optimal hydrodynamic
performance. These conditions occur at a particular
tip speed ratio where Cp 4, is achieved. This control
strategy is known as variable speed operation. The
well known quadratic relation for the optimal hydro-
dynamic torque as a function of the rotor speed is ob-
tained by substituting (2) into (1). Using the definition
of tip speed ratio, such relation is given by (19)

1 CP max
s 5 2
Thydro,CPmax — *73PM7TRO(UT (19)

2 (AC P,max)

Conventional tidal turbines use electromechanical
transmissions to control the rotor speed by using
power electronics to adjust the electromechanical
torque provided by the generator. In the absence of
electrical machines, as it is the case of hydraulic power
transmissions, the rotor speed control is achieved by
adjusting the torque transmitted by the high-pressure
pump. The pump’s torque depends on the system
pressure and the volumetric displacement of the pump,
both of which can be adjusted separately or simultane-
ously. The description of two configurations and con-
trol strategies for below rated current speed operation
of a direct driven tidal stream SWRO system with ERD
are described in the following subsections.

1) Constant displacement pump & active controlled ERD:
The first configuration uses a high-pressure pump
with constant volumetric displacement. Consequently,
the pump’s torque and therefore the rotor speed are
indirectly controlled by adjusting the system pressure
through the ERD’s boost pump. The idea is to mod-
ify the effective concentration and consequently the
osmotic pressure induced by the RO membranes by
regulating the circulating flow towards them. This
configuration only controls the recovery rate of the
ERD system depending on the system pressure and
rotor speed. The recovery rate of the ERD device is
limited to a maximum value of 50%.

2) Variable displacement pump with active control &
ERD: The second configuration requires a high-
pressure pump with the ability to adjust its volumetric
displacement. In this way, the transmitted torque of the
pump is directly controlled in a similar way to that
of an electromechanical transmission. The volumetric
displacement required will depend on the rotor speed
and the system pressure. In this configuration, the
ERD system is independently controlled to maintain a
constant recovery rate. Similar strategies to manipulate
the system pressure in hydraulic wind turbines have
been presented in [9].

B. Above rated current speed operation.

Above rated current speed, the rated rotor speed is
maintained by pitching collectively the rotor blades. A
conventional PI pitch controller is proposed using the
rotor speed error instead of the generator speed error.
Due to the sensitivity of the hydrodynamic response
of the rotor to the pitch angle, the value of the con-
troller gains are modified as a function of the pitch
angle through a gain-scheduled approach. The gain
scheduled PI controller is shown in the next equations,
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where Kp,; are the proportional and integral gains
respectively, Kp,1o is the gain at rated pitch angle
8 = 0, and Pk is the blade pitch angle at which
the pitch sensitivity of hydrodynamic power to rotor
collective blade pitch has doubled from its value at the
rated operating point.

t
/Bdem = Kp (B)wn error + K7 (ﬁ) /0 Wr, error dt (20)

B
Kpp(B) = KP/LOﬂK% (21)
Wr | error = Wr, rated — Wr, meas (22)

The values of the different gains are obtained in a
similar way as with wind turbines taking into account
a modified apparent inertia at the low-speed shaft and
a transmission ratio set to one [11]. This approach was
originally proposed in [28] and was adapted in this
work to hydrokinetic turbines.

IV. CASE STUDY

The performance of the configurations and control
strategies described in the previous section is com-
pared using a 10 m rotor diameter tidal turbine. The
turbine has a rated current speed of 2.0 m/s and
rated power of 140 kW. An intake feed concentration
of 35500 ppm was used for the seawater feed condi-
tions. The operating range of the integrated turbine
and SWRO system is given by the equilibrium points
between the rotor torque-speed characteristics and the
torque-speed load induced by the high pressure pump
driving the SWRO unit. The resulting torque and
power curves are shown for different rotor speeds
in Fig. 2a and Fig. 2b. The graphical results provide
insight into the variable speed operation together with
the system torque and power.

The resulting operating conditions for the two stud-
ied configurations are summarized in Table I

TABLE I
MAIN OPERATIONAL PARAMETERS

Fixed disp. Active
pump with  control
active con- pump
trol ERD with ERD
Rated current speed (m/s) 2.0 2.0
Rated power (kW) 129 139
Rated torque (kNm) 58.2 93.7
Rated rotor speed (rpm) 21.1 14.2
Rated power coefficient Cp 0.38 0.42
Permeate flow rate (m3/h) 80.5 88.3
Rated system pressure (bar) 54.2 55.2
Minimum system pressure (bar)  31.2 44.3

For the case of a constant displacement pump, it is
shown that for low rotor-speeds a minimum torque is
required to overcome the osmotic pressure which is
only achieved after 1.0 m/s. Between current speeds
of 1.0 and 1.5 m/s, the recovery rate of the ERD unit
is able to adjust the system pressure in such a way
that the rotor can follow the ideal rotor speed-torque
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Fig. 2. Torque and power speed curve used to define the variable
speed control for below rated current velocities.

quadratic relation defined by the optimal tip speed
ratio i.e. where maximum power coefficient occurs.
However, after 1.5 m/s the maximum recovery rate of
50% is reached, consequently lower concentrations are
observed, resulting in lower osmotic pressures induced
by the membranes. Without the capacity of increasing
the pressure above certain level, the ideal torque can
only be achieved for a limited range of current speeds.
Once the maximum recovery rate is reached, the rotor
follows a linear relation with respect to the torque. The
lower torques result in a higher range of operational
rotor speeds, which can reach up to 21.1 rpm for a
rated speed of 2 m/s.

For the case of the active control pump with ERD,
it is possible to follow the variable speed relation for
optimal hydrodynamic performance throughout the
full operating range, while maintaining a constant re-
covery rate of 50%. With this configuration and control
strategy, a maximum rotor speed of 14.2 rpm is reached
at rated current speed of 2 m/s. A different way to
ilustrate the harnessed power and torque for the entire
range of operational current speeds is shown in Fig. 3.
The main parameters of the tidal and SWRO numerical
model are shown in Table IL

V. RESULTS
A. Steady-state operating points

The first set of results shows the operational window
of the integrated system under steady-state conditions
for a range of current speeds. The comparison is shown
for the two configurations discussed under steady-state
conditions.
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Fig. 3. Steady-state mechanical power and torque for tidal stream
SWRO system with ERD.

TABLE II
NUMERICAL MODEL PARAMETERS

Symbol  Quantity Unit Value
Pw Seawater density kg/ m3 1025
Cfin Intake feed concentration ppm 35500
R Rotor radius m 5

Jr Rotor-pump inertia kg-m? 1.0e5
| Pump volumetric size L/rev 66.13
Cs Pump’s leakage coeff m3 /(sPa) 1.5e-10
By Pump’s viscous coeff Nm-s 0.0
Cyp Pump’s friction coeff - 0.02
Ky Mass transfer coeff? s/m 6.4e-9
N, Number of membranes - 404
Am Area per membrane® m? 7.34
Ay Feed flow pipe area m? 9.1e-3
Ac Concentrate pipe area m? 9.1e-3
Ap Permeate pipe area m? 5.5e-3
1 Osmotic pressure coeff Pa/(ppmK)  0.2641
Rm Fractional salt rejection? - 0.97
a Concentration weight coeff - 05
oV Overflush ratio of ERD - 0.05
M Volumetric mixing of ERD - 0.06
TeERD ERD time constant s 4.0
Tep Pump actuator time constant s 2.0

2 The water permeability was estimated empirically from
commercial RO membranes data corresponding to the DOW
FILMTEC™ SW30-4040, a thin film composite membrane
consisting of three layers: a polyester support web, a
microporous polysulfone interlayer and an ultra-thin polyamide
barrier layer on the top surface.

The first plot in Fig. 4a shows that the configuration
with variable displacement pump has a linear relation,
i.e. a constant tip speed ratio is achieved for below
rated conditions. In contrast, the fixed pump config-
uration with controlled ERD shows lower rotational
speeds between 1 and 1.5 -m/s, and much higher
rotational speeds between 1.5 and 2.0 m/s, displaying
also a linear relationship but with a greater slope.

In Fig. 4b it is observed that the system pressure
for the variable displacement pump configuration also
has a linear relationship with values between 42 and
55 bar at rated current speed. A constant osmotic
pressure of 42 bar is shown throughout the operating
current speeds. The fixed pump configuration with
controlled ERD shows a wider pressure range between
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31 and 54 bar with osmotic pressures values between
28 and 42 bar. The permeate flow rate or fresh water
production is also shown in Fig. 4c.

N
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Rotor speed [rpm]
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. .
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(a) Rotor-pump speed for operating current velocities.
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(b) Pressure for operating current velocities.
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—%— Fix disp pump with active control ERD
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(c) Fresh water production for operating current velocities.

Fig. 4. Steady-state rotor speed, pressure and permeate production
for tidal stream SWRO system with ERD.

The specific energy consumption (SEC) was obtained
for the two configurations. In the operating range
of current speeds, the SEC was between 2.8 to 15
kWh/m3, and 2.6 to 4.2 kWh/m3, for the fixed dis-
placement pump and the active control pump respec-
tively. At rated speed conditions, both configurations
show an average SEC of 3.2 kWh/m3. These values are
very much aligned with the experimental results in [5],
where the system’s SEC is reported at 3.61 kWh/m3,
with an energy recovery efficiency of 83.7%. Moreover,
the values obtained above are within range of SECs
reported in SWRO plants [29] without including pre-
treatment and post-treatment processes.

B. Response to stochastic current velocity

The second set of results allow to compare the dy-
namic response of the coupled integrated tidal stream
SWRO system, through time-domain simulations un-
der a given stochastic current speed. The simulations
were performed using an artificial time series for 800 s
for an average current speed of 1.6 m/s and turbulence
intensity of 14% as shown in Fig. 5. See the appendix
for further details on the model to generate the time
series. The first 200 s of the simulations were accounted
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for transient effects. The results of the comparison
between the time series of the rotor speed, the system
pressure, the permeate flow rate, and recovery rate are
shown in separate graphs in Fig. 6.

s)
= o
-~ & v o

Current speed (m/

o
o

Fig. 5. Current speed time series with 1.6 m/s mean value and 14%
turbulence intensity used for the time-domain simulations.

It is observed that for the fixed displacement pump
configuration, the rotor speed experiences higher ex-
cursions and lower pressures compared to the active
controlled pump. It is observed that a pressure differ-
ence between the two configurations of around 1 bar is
maintained for most part of the simulation. However,
significant pressure drops of up to 6 bars occur for the
fixed pump configuration when current speeds drops
below 1.5 m/s. For the active controlled pump, the
system pressure is kept between a range of 46.9 and
54.5 bars, well within the operating range of the SWRO
system. Higher fresh water production is achieved with
the active controlled pump as the recovery rate is kept
at a relatively constant value of 50%.
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Fig. 6. Time-domain results for the rotor and the SWRO system
response subject to turbulent current speed conditions with 14.0%
TL

The comparison of the simulation results for the
two configurations is summarized in Fig. 7 for the
production of fresh water under turbulent conditions.
Despite lower fluctuations in rotational speed and pres-
sure, the active controlled pump configuration shows
a clear increase in permeate flow rate. In addition,
the higher fluctuations in the permeate flow rate are
shown around the average value of 56 m?3/h. When
the turbine operated at the turbulence intensity level
of 14%, an increase of 8% of fresh water production
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was obtained compared to the average cumulative
permeate output.
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Fig. 7. Comparison of simulation results for fresh water flow rate
and production. The average current speed is U = 1.6 m/s, with
14.0% turbulence intensity and simulations of 600 s.

While the fixed displacement pump is in general
a much simpler configuration. The higher rotational
speeds of the rotor might lead to potential problems re-
garding cavitation and fatigue, without mentioning the
additional limitations of having a controlled ERD. In
contrast, a high-pressure, variable displacement pump
for seawater is a more complex component. Further
consideration should be taken to consider both limita-
tions in the system design.

VI. CONCLUSIONS

This study evaluated the performance of a direct-
driven tidal stream reverse osmosis desalination sys-
tem under both steady-state and dynamic flow condi-
tions, comparing two configurations: one employing a
fixed displacement pump with an actively controlled
energy recovery device, and another using a variable
displacement pump. The steady-state results demon-
strated that the variable displacement pump main-
tained a constant tip speed ratio below rated current
velocities, yielding to a more stable operating behav-
ior. In contrast, the fixed pump configuration exhib-
ited a wider operating range in both rotational speed
and system pressure. The specific energy consumption
across both configurations fell within typical ranges
for SWRO systems, with the actively controlled con-
figuration achieving lower SEC values in the range of
2.6 to 4.2 kWh/m3. At rated current speed conditions,
freshwater production is up to 88.3 m3/h with a SEC of
3.2 kWh/m3. Under stochastic current conditions, the
time-domain simulations highlighted that the active
control strategy led to improved operational stability
and higher freshwater production. Specifically, for an
average current speed of 1.6 m/s with 14% turbulence
intensity, a cumulative increase of 8% in permeate
flow was observed for the controlled pump config-
uration, while also maintaining a relatively constant
recovery rate around 50%. These results suggest that
adopting an actively controlled hydraulic transmission
system in direct-driven tidal desalination turbines can
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enhance system performance, stabilize operation un-
der fluctuating tidal currents, and ultimately increase
freshwater output. This work highlights the potential
and challenges of integrating tidal energy directly into
desalination processes and provides insights into sys-
tem optimization under realistic operating conditions.
Future work will aim to refine the control strategies
and explore the long-term reliability and scalability of
such integrated systems.

APPENDIX
TIME SERIES OF THE TIDAL RESOURCE

A series of artificial time series of the rotor-average
current speeds are simulated for a defined turbulence
intensity level. The turbulence velocity fluctuations v’
were generated at hub height according to the model
spectra for the three tidal components, K, as a function
of the component-turbulent kinetic energy (TKE) levels
0% and the vertical velocity shear du/9z as proposed
by [30]:

o251 (2)7
SK(f) = : = 5/3 (23)
L+ S2,K (8u§82>
where f is the cyclic frequency and the two scales,

s1 and s, are empirically defined for each component
as follows:

(1.21,4.30)
(0.33,0.50)
(0.23,0.26) K =w

<51,Ka 52,K> = (24)

The component-TKE levels are determined based on
an exponential profile proportional to the the friction
velocity input parameter U™:

0% = U* pce 24/ Hres (25)

where d is the water depth, H,.; is the reference
hub height above seabed and p, = 4.5, p, = 2.25
and p,, = 0.9, are empirically determined coefficients
whose values are obtained from [31].
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