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1 INTRODUCTION 
 
The use of renewable energy to desalinate seawater is 
a fundamental attractive idea to face the current chal-
lenge of water scarcity, especially in coastal areas and 
small islands which are the most affected by water re-
sources issues. On one hand, the reduced area, short-
age of natural resource and natural vulnerability cause 
problems of both water quantity, due to the absence 
or scarcity of permanent fresh water, and water qual-
ity due to seawater intrusion or pollution. On the other 
hand, isolation limits their availability to import low 
cost fresh water and/or fuel required to power desali-
nation systems. However, coastal places can take ad-
vantage of their proximity to seawater sources to 
cover their fresh water needs. The use of renewable 
sources available in situ to power desalination is in-
deed required to limit the environmental impact of 
fossil fuel CO2 emissions. The emissions from fossil 
fuel-powered desalination are between 1.4 and 1.8 kg 
per cubic meter of fresh water (Elimelech & Phillip, 
2011). Although most solutions address the use of so-
lar and wind energy technologies, covering the 81% 
of the renewable powered desalination around the 
world (Mizutani, 2016), there is high potential from 
other offshore renewable sources such as tidal and 
wave energy to be integrated with existing desalina-
tion technologies (Ling et al., 2017), (Folley & 
Whittaker, 2009), (Corsini et al., 2015). Other studies 
refer also to the use of hydro power for desalination, 
but mainly in combination with other renewable 
sources and as a storage or with fluctuation 

absorption purposes (Akash & Mohsen, 1998), 
(Slocum et al., 2016).  

Tidal energy is a vast and clean energy source that 
has the advantage of being far more predictable than 
other renewable energy sources like solar and wind 
(Cave & Evans, 1984). From the existing tidal current 
energy extraction devices, horizontal axis turbines are 
the most popular (Goundar & Ahmed, 2013). Show-
ing many similarities with the horizontal axis wind 
turbine, its development can benefit from the ad-
vantages in the technologies in the wind energy in-
dustry (Rourke et al., 2010). 

Regarding desalination technologies, reverse os-
mosis (RO) is the most common membrane-based de-
salination system, and its popularity its increasing due 
to the reduced cost per m3 of water produced when 
compared to other desalination technologies. RO is 
one of the less energy consuming desalination pro-
cesses, requiring about 3-10 kWh of electric energy 
per m3 of freshwater produced from seawater (Ma & 
Lu, 2011). The energy consumption is mainly due to 
pump the feed water up to a pressure high enough to 
overcome the osmotic pressure difference between 
the two sides of the membrane. When this occurs, 
pure water is forced to pass through the membrane 
(permeate), while the salts, ions and small particles 
are retained and exit as brine (concentrate). A valve 
is required on the concentrate line to provide a re-
sistance to the flow in order to allow the pressure 
build up.  

Membranes can be designed in many different 
configurations. The type selected in this study is a 
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spiral wound membrane, that is essentially made by 
flat sheets coiled around a perforated collection pipe. 
This design offers the advantages of lower replace-
ment costs, simpler plumbing system, easier mainte-
nance and greater design freedom than other configu-
rations, and thus it is one of the most commonly used 
for seawater desalination (DOW, 2013). 

This paper elaborates on the idea to desalinate sea-
water using the tidal currents, in which the energy 
harnessed by a horizontal axis turbine is directly used 
by a rotor-pump combination to pressurize seawater 
into the RO membranes. In contrast to conventional 
approaches, no intermediate electrical power conver-
sion is needed, making it more simple, robust and in 
principle more suitable for small and off-grid appli-
cations. One of the main objectives of the proposed 
solution is to understand the possibilities and limita-
tions of reverse osmosis desalination under the influ-
ence of dynamic excitations from the tidal current re-
source. A time-domain numerical model is 
constructed to simulate the coupled response of both 
the rotor and reverse osmosis membranes under tur-
bulent current conditions. 

2 DIRECT-DRIVEN REVERSE OSMOSIS 
DESALINATION 
A schematic of the direct-driven RO desalination 

system is shown in Figure 1: the kinetic energy from 
tidal currents is extracted by the horizontal axis rotor 
and transmitted to the high-pressure water pump; the 
rotor and the pump are directly connected. The pres-
surized sea water is then sent as feed in the reverse 
osmosis desalination process. The fresh water is col-
lected at the permeate side while the concentrate goes 
through the backpressure valve. 

Two different configurations of direct-drive RO 
desalination are analyzed. In each configuration the 
torque characteristics of the rotor are matched in a dif-
ferent manner with the RO system. The first configu-
ration considers a variable speed operation of the tur-
bine rotor in a passive manner through the RO 
membrane characteristics and a fixed valve setting. 
The second configuration aims to keep an optimal 
variable speed operation of the rotor by manipulating 
the opening and closing of the concentrate valve 
linked to the RO system. 

3 MATHEMATICAL MODEL 

3.1 Tidal turbine 

The horizontal axis tidal turbine extracts kinetic en-
ergy from the current and converts it in rotary motion. 
The power extracted depends on the hydrodynamic 
characteristics and geometry of the rotor and on the 
current speed. The hydrodynamic torque τrotor and the 
power extracted Protor can be expressed as functions 
of the upstream current speed Ucurrent, the radius of the 
rotor Rrot and the non-dimensional coefficients Cτ and 
CP, as follows: 

𝜏𝑟𝑜𝑡𝑜𝑟 =
1
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𝐶𝜏(𝜆, 𝛽) 𝜌 𝜋 𝑅𝑟𝑜𝑡
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where ρ represents the seawater density; β is the col-
lective pitch angle, the deviation from the angle be-
tween the rotor plane and the tip chord, and λ denotes 
the tip speed ratio, that is the ratio of the rotor tip tan-
gential speed to the upstream current speed: 

𝜆 =
𝜔𝑟𝑅𝑟𝑜𝑡

𝑈𝑐𝑢𝑟𝑟𝑒𝑛𝑡
 (3) 

The torque and power coefficients are related by the 
following relationship: 

𝐶𝑃 = Cτ𝜆 (4) 

The non-dimensional coefficients for the tidal turbine 
can be obtained through the blade element momen-
tum equations for stationary flow as described in 
(Batten et al., 2008) and solved with the solution 
method described by (Ning, 2014). The geometrical 
and hydrodynamic characteristics of the turbine 
blades were taken from (Batten et al., 2008). 

3.2 Low-speed shaft and seawater pump 

The power transmission system consists of a posi-
tive displacement pump, that is connected on the 
same shaft of the rotor. Therefore, the imbalance of 
the hydrodynamic and the pump torques causes the 
angular acceleration of the rotor-pump assembly con-
sidered as a rigid body, as expressed by the differen-
tial equation 

(𝐽𝑟 + 𝐽𝑝)
d𝜔𝑟

d𝑡
= 𝜏ℎ𝑦𝑑𝑟𝑜 − 𝜏𝑝𝑢𝑚𝑝 − 𝐵𝑟𝜔𝑟 (5) 

where Jr and Jp represent the mass moments of inertia 
of the rotor and the pump, respectively. The last term 
on the right represents the viscous friction torque, ex-
pressed as a linear function of the rotor shaft viscous 
damping coefficient Br. 
The pump torque can be calculated once the volumet-
ric displacement Vd of the pump is known, that de-
notes the volume of fluid that is displaced at every 
rotation, in m3/rad. The pump model is based on 
quasi-steady linear relations which describe both the 
transmitted torque and the net generated volumetric 

Figure 1. Schematic of the system. 



flow rate (Merritt, 1967). The transmitted pump 
torque is a function of the pressure difference across 
the pump ∆pp and of the rotational speed of the rotor, 
according to the relationship:  

𝜏𝑝𝑢𝑚𝑝 = 𝑉𝑑𝛥𝑝𝑝 + 𝐶𝑓,𝑝𝑉𝑑𝛥𝑝𝑝 + 𝐵𝑝𝜔𝑟 (6) 

The coefficients Bp and Cf,p are the damping coeffi-
cient and a friction coefficient, respectively. These 
coefficients are used to take into account the viscous 
and dry components of the friction torque. Moreover, 
the pump is also characterized by the volumetric 
flowrate that is obtained by: 

𝑄𝑓 = 𝑉𝑑𝜔𝑟 − 𝐶𝑠,𝑝∆𝑝𝑝 (7) 

where the last term represents the internal leakage 
losses, estimated in a linear manner through the lam-
inar leakage coefficient Cs,p. 
In order to evaluate the dynamic behavior of the cou-
pled hydraulic tidal turbine-RO membrane, the con-
figuration of the system analyzed envisages that the 
flowrate Qf is directly fed to the membrane. The dy-
namics of the hydraulic lines and additional losses 
through pipes are not considered.   

3.3 RO Membrane 

The reverse osmosis desalination process is based 
on the selective permeability of the membrane, that 
allows the flow of water and retains salts and ions. 
The solution-diffusion model can proper represent the 
transport across the dense RO membrane (Wijman & 
Baker, 1995). According to this model, permeants are 
first absorbed onto the membrane surface, then dif-
fuse across its thickness and finally they are released 
on the other side of the membrane. The flow rate of 
each component per unit area that passes across the 
membrane is the flux. 

Thus, the expression for the water flux is: 

𝐽𝑤 = 𝐾𝑤(∆𝑝 − ∆𝜋) (8) 

where Kw represents the water permeability constant; 
∆p is the difference in pressure between the two sides 
of the membrane; and ∆π is the osmotic pressure dif-
ference.  

The osmotic pressure difference depends on the ef-
fective concentration of total dissolved solid (TDS) at 
the membrane surface at the feed side, Ceff, and can 
be calculated as follows (Bartman et al., 2008): 

∆𝜋 = 𝛿𝐶𝑒𝑓𝑓𝑇 (9) 

𝐶𝑒𝑓𝑓

𝐶𝑓
= 𝑎 + (1 − 𝑎) ((1 − 𝑅) + 𝑅 (

𝑈𝑓

𝑈𝑐
)) (10) 

where T denotes the temperature in K; a is the 
weighting coefficient; Cf  represents the feed concen-
tration; and U is the water velocity. The subscripts f, 
c and p stand for the feed, concentrate and permeate 
respectively. The salt rejection R represents the abil-
ity of the membrane to retain the salts, expressed by: 

𝑅 = (1 −
𝑐𝑠𝑙

𝑐𝑠𝑜
) (11) 

For salt flux a similar relation to water flux is found: 

𝐽𝑠 = 𝐾𝑠(𝑐𝑠𝑜 − 𝑐𝑠𝑙) (12) 

where Ks represents the salt permeability constant; 
and (cso – csl) is the difference in salt concentration be-
tween the two sides of the membrane. 

Another important parameter that characterizes 
RO osmosis is the recovery rate RR, that represents 
the ratio of membrane system feedwater that emerges 
from the system as product water or permeate: 

𝑅𝑅 =
𝑄𝑝

𝑄𝑓
 (13) 

3.4 Concentrate valve 

The non-linear model used to describe the RO 
membrane-valve system is derived using the energy 
and mass balances as proposed by (Bartman, 
Christofides, & Cohen, 2008), considering the as-
sumptions that water is an incompressible fluid and 
its density is assumed constant. Furthermore, there is 
no external work done on the control volume and that 
the inlet and outlet velocities are equal, the macro-
scopic energy balance around the concentrate valve 
reduces to:  

d

d𝑡
𝐸𝑘,𝑡𝑜𝑡 = −

∆𝑝

𝜌
�̇� − 𝐸𝑣 (14) 

where Ek,tot represents the kinetic energy in the 
control volume and ṁ the mass flow rate. 

The friction losses, Ev, can be approximated as fol-
lows: 

𝐸𝑣 =
1

2
𝑒𝑣�̇�𝑈𝑐

2 (15) 

by means of the friction losses factor ev, that is a 
coefficient representing the valve resistance to the 
flow and that depends on the valve characteristics. 
Note that the flow velocity across the valve has been 
assumed equal to the concentrate flow velocity Uc.  

By substituting in (14) the expressions of kinetic 
energy in the control volume Ek,tot  and of the mass 
flow rate ṁ, it is obtained:  

𝜌𝑉
𝑑

𝑑𝑡
𝑈𝑐 = 𝑝𝑠𝑦𝑠𝐴𝑐 −

1

2
𝜌𝑒𝑣𝐴𝑐𝑈𝑐

2 (16) 

where V is the system volume and Ac denotes the 
concentrate pipe area, substituting the valve area. It 
must be noticed that since the flows exits at atmos-
pheric pressure, the difference in pressure ∆p can be 
reduced to the pressure of the system psys. 

The valve settings can be manipulated by using an 
actuator that modifies the friction losses factor ev. The 
dynamics of such an actuator are approximated by a 
first order differential equation:  



𝑇𝑣

𝑑

𝑑𝑡
𝑒𝑣 = 𝑒𝑣,𝑟𝑒𝑓 − 𝑒𝑣 (17) 

where the valve constant Tv, characterizes the time 
response of the valve to reach the reference value 
ev,ref. 

3.5 Desalination system 

In order to obtain an expression for the pressure of 
the system, the water flux can be also defined in terms 
of volumetric flow rate per unit area and the equation 
can be combined with equation (8) giving:  

𝑝𝑠𝑦𝑠 =
𝜌𝑈𝑝𝐴𝑝

𝐴𝑡𝑜𝑡𝐾𝑤
+ ∆𝜋 (18) 

where Atot is the total membrane area available.   
Finally, substituting last equation in equation (16), 

and considering the mass balance over the RO mem-
brane and valve system: 

𝑈𝑓𝐴𝑓 − 𝑈𝑐𝐴𝑐 − 𝑈𝑝𝐴𝑝 = 0 (19) 

we obtain: 

𝜌𝑉
𝑑

𝑑𝑡
𝑈𝑐 =

𝜌𝐴𝑐(𝑈𝑓𝐴𝑓 − 𝑈𝑐𝐴𝑐)

𝐴𝑡𝑜𝑡𝐾𝑤
+   

                      + ∆𝜋𝐴𝑐 −
1

2
𝜌𝐴𝑐𝑒𝑣𝑈𝑐

2 

(20) 

Equation (20), together with equation (9) and (10), 
define all the governing equations to model the RO 
system. 

4 STEADY-STATE OPERATIONAL ENVELOPE 

4.1 Variable speed strategy 

The power capture of a tidal turbine is maximized for 
a particular current speed when it is able to modify its 
rotational speed to match optimal hydrodynamic 

performance. The rotor should be able to operate with 
a constant tip speed ratio where the maximum power 
coefficient is achieved for the required range of cur-
rent speeds. The optimal hydrodynamic torque as a 
function of the rotor speed is derived by substituting 
equations (3) and (4) into equation (1). The following 
quadratic relation is obtained (Bianchi et al., 2007):  

𝜏ℎ𝑦𝑑𝑟𝑜 =
1

2

𝐶𝑃,𝑚𝑎𝑥

(𝜆𝐶𝑃,𝑚𝑎𝑥
)

3 𝜌 𝜋 𝑅𝑟𝑜𝑡
5 𝜔𝑟

2 (21) 

For optimal operation, the transmitted torque of 
the pump should be in equilibrium with the hydrody-
namic torque described by last equation. However, 
the relation between the pump torque and the rota-
tional speed depends directly on the system pressure 
which is defined by the membrane characteristics and 
the backpressure valve settings. 

In general, the equilibrium of the rotor-RO system 
is achieved when the torque of the pump is able to 
match the hydrodynamic torque at rotational speeds 
above the maximum torque curve. The maximum ro-
tational speed of the rotor is given by the maximum 
tip speed in order to avoid cavitation. 

4.2 Operational limits and design considerations 

Once the pump size is selected according to the 
flow rate and rotational speed requirements, regula-
tion of system pressure and torque is done by adjust-
ing the valve setting. A proper design of the system 
requires to consider the operating limits of both mem-
brane and turbine while operating as close as possible 
to optimal hydrodynamic conditions. In Figure 2 the 
torque-rotor rotational speed graphs are shown for the 
rotor and the pump-RO system 

Regarding the membrane, the bottom limit is set 
by the minimum admissible applied pressure, that 
guarantees that reverse osmosis occurs; on the other 
side, the maximum feed pressure is related to the 
physical limits and resistance of the membrane. For 
seawater average concentration, equal to 35000 ppm, 

Figure 2. Hydrodynamic and pump torque over rotational speed. 



osmotic pressure is around 27 bar, while the maxi-
mum pressure given for the membrane is of 69 bar. 
Moreover, the brine flow rate should be high enough 
to avoid precipitation and consequent membrane 
fouling but shouldn’t exceed limit imposed to avoid 
membrane wearing and deterioration. However, in 
the present analysis this limitation is not considered.  

In Table 1 the design values selected are summa-
rized taking into account all previous considerations.  

In Figure 2 the final resulting curves in the torque-
rotational speed plot are shown for both configura-
tions: with the fixed valve setting defined by a con-
stant ev, and with the varying valve setting. With the 
selected design, water desalination is possible for cur-
rent speeds greater than 1.5 m/s. The rated current 
speed is given by the torque corresponding to maxi-
mum admittible pressure for the membrane re-
sistance. The rated speed is different for the two dif-
ferent setting, it is 2.7 m/s in the case of the fixed 
valve, and 2.5 m/s in the variable valve configuration. 
It is possible to see in Figure 3, that the pressure of 
the system increases much faster in the variable valve 
case, bringing the system to reach the maximum limit 
for a slower rotational speed.  Moreover, at 33 rpm, 
the rated rotational speed is higher when the opening 
valve position is fixed, than the rated 25 rpm of vari-
able valve setting, and the working point curve re-
mains further from the unstable area. This means that 
with the fixed setting configuration the range of oper-
ability and safety margin of the turbine is greater, 
considering that the lower value is given by the max-
imum torque limit. Nevertheless, in both cases there 
is a sufficiently wide operating window. 

In Figure 4 the ideal power, the power extracted 
from the rotor and the power that is effectively being 
used to obtain the permeate are shown for both cases. 

 
 

Table 1: Input and design parameter 

Parameter  Value  Units 

Kw 6.4E-09 s/m 

Am 15.6 m2 

Af 0.0004568 m2 

Ac 0.0004568 m2 

Ap 0.0002726 m2 

δ 0.2641 Pa/ppm K 

R 0.97 - 

V 0.6 m3 

T 22 °C 

ρ 1025 kg/m3 

Cf 35000 ppm 

a 0.5 - 

Vd 0.6 Cc/rev 

ev 1.5 - 

nmemb 47 - 

Rrot 5.5 m 

 
 

 As expected, the power captured and translated in 
permeate flowrate is higher in the variable opening 
valve position configuration. It is clear that the regu-
lation of the valve has an important role in condition-
ing and controlling the performance of the system. In-
creasing or decreasing the opening valve position 
allows to modify the slope of the pump curve. When 
the torque slope is high the power utilization is 

Figure 4. Steady-state power conversion. 

Figure 6. Steady-state RO recovery rates. 

Figure 3. Steady-state operating pressures. 

Figure 5. Steady-state operating flowrates.  



higher, but the range of rotational speed is narrower 
and closer to the unstable area.  

In Figure 5 the feed, permeate and brine flowrates 
are shown as a function of the current speed. For the 
case of the varying opening valve position the 
flowrates are lower than when the valve is fixed, with 
an increasing gap for higher current speeds. From 
Figure 6, the recovery rates are higher for the fixed 
valve configuration because the concentrate flowrate 
stabilizes to a constant value around 62 m3/h while 
the permeate flowrate increases with the feed. Thus, 
for a current velocity of 2.5 m/s, the recovery ratio is 
equal to 0.35 for the variable valve and 0.24 when the 
valve is fixed. Therefore, in the case of the fixed valve 
configuration permeate flowrate outcome is higher, 
even though there is a worse utilization of the feed 
than in the variable valve configuration. 

5 SIMULATION OF THE DYNAMIC 
RESPONSE (DYNAMIC RESPONSE 
SIMULATION) 

In order to evaluate the dynamic behavior of the pro-
posed tidal turbine with direct-drive RO desalination, 
time domain simulations were performed to describe 
the response of the system to turbulent current speed 
conditions. The numerical model was implemented in 
the commercial software Matlab-Simulink using 
equations (1), (3-(7), (9), (10), (17) and (20). The sys-
tem of coupled algebraic and differential equations 

was then solved through numerical integration using 
a standard ordinary differential equation (ODE) 
solver based on a variable time- step, explicit Runge-
Kutta 4th order scheme. 

The results are shown for only a preliminary case 
study where the current speed time series used as in-
put has a mean value of 2.2 m/s with a turbulence in-
tensity of 6%, (Figure 7a). This value is consistent 
with observed values reported in (Thomson et al., 
2013). The pump sizing and valve settings were done 
based on a tidal turbine of 300 kW with a rotor radius 
of 5.5 m.   

The two different configurations are analyzed and 
compared: in the first one the setting of the retentate 
valve is fixed, in the second one, the valve is adjusted 
in order to obtain the optimal variable speed operation 
of the rotor. The results of the simulation are shown 
for 600 seconds in Figure 7 and Figure 8.  

In Figure 7b is plotted the rotor rotational speed. 
Following the steady-state results of section 4, the 
speed for the fixed setting is higher than in the varia-
ble mode. In both cases, a stable variable speed oper-
ation is observed as a function of the current speed. 

In Figure 7c, the brine and permeate flowrates of 
the fixed valve and variable valve are shown. It is pos-
sible to observe that the permeate flowrates show the 
same behavior in both configurations, although the 
variable valve approach results in a slightly higher 
mean flowrate (562 l/min against 482 l/min of the 
fixed setting approach); on the contrary, the concen-
trate flowrates differ: in case of variable valve the 

Figure 7. Current speed, rotor speed and flowrates. 



brine assumes an almost steady trend, around a value 
of 1886 l/min, while in case of fixed valve the fluctu-
ations are more accentuated with a  higher mean value 
of 2163 l/min. Thus, the recovery rate in the first case 
is higher as shown in Figure 8a. The gap of the recov-
ery rate is larger for higher current speeds. It follows 
that, with the same feed, a lower amount of brine 
needs to be disposed. Furthermore, a steady flowrate 
of the concentrate is associated to a constant velocity, 
resulting in an advantage for the resistance of the 
membrane if designed in the proper operational 
range. From the results of this case study, the variable 
valve configuration produces a higher production of 
freshwater with a better utilization of the feed. In both 
cases the energy extracted is enough to allow water 
production for current speeds above 1.5 m/s. 

In Figure 8b the valve setting used as control vari-
able for the variable valve is plotted. The mean value 
of the friction factor ev in the active controlled con-
figuration is 2.1450, which is higher than the constant 
value of 1.5 from the fixed valve setting. A higher 
valve resistance induces a higher-pressure difference 
across the valve as displayed in Figure 8c. The re-
sponse of the osmotic pressure is very similar in both 
configurations, even if slightly smaller in the case of 
the fixed valve. It is important to notice that the os-
motic pressure is not a constant value, but it depends 
on the concentration at the feed side and it has been 

assumed equal to a weighted average of feed concen-
tration and the brine stream concentration. 

6 CONCLUSION AND FUTURE WORK 

In the present work the analysis of a reverse osmo-
sis desalination powered by a horizontal axis tidal 
current turbine has been presented. A time-domain 
numerical model has been developed in order to sim-
ulate the system response to a turbulent current speed. 
The model couples the hydrodynamic model of the 
rotor, the positive displacement pump model and the 
RO membrane solution-diffusion model. The simpli-
fied system model is based on physical principles and 
can be used as a starting point to describe the dynamic 
behavior of the tidal driven reverse osmosis system. 

Two variable speed configurations are proposed 
and compared. In the first one, a fixed setting for the 
opening position of the concentrate valve is defined; 
while in the second configuration, the valve setting 
was actively controlled in order to maximize the 
power capture from the turbine.  

From the simulation results, the fixed valve con-
figuration allows a higher operability and flexibility 
for a wider range of rotational speed and current 
speed. The operation of this configuration at higher 
tip speed ratios should be also analyzed to avoid pos-
sible cavitation issues. On the other hand, the variable 

Figure 8: Recovery rate, friction losses factor and pressure. 



valve configuration maximizes the power extraction 
from the turbine and its utilization, making both the 
turbine and the membrane working in better condi-
tions.  

Future work involves validation of the results 
through hybrid modelling, combining physical test of 
the membrane and real-time numerical simulations of 
the tidal turbine hydrodynamics. In addition, the pos-
sibility to include energy recovery devices with the 
RO system will be explored. 
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