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Preface 
 

The 10th International Conference on Sustainable Energy and environmental Protection – 

SEEP 2017 was organised on June 27th – 30th 2017 in Bled, Slovenia, by: 

 

• Faculty of Chemistry and Chemical Engineering, University of Maribor, 

Slovenia,  

• University of the West of Scotland, School of Engineering and  

 

The aim of SEEP2017 is to bring together the researches within the field of sustainable 

energy and environmental protection from all over the world. 

 

The contributed papers are grouped in 18 sessions in order to provide access to readers 

out of 300 contributions prepared by authors from 52 countries. 

 

We thank the distinguished plenary and keynote speakers and chairs who have kindly 

consented to participate at this conference. We are also grateful to all the authors for their 

papers and to all committee members. 

 

We believe that scientific results and professional debates shall not only be an incentive 

for development, but also for making new friendships and possible future scientific 

development projects.  

 

 

 

General chair 

Emeritus Prof. dr. Jurij Krope 
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Increasing efforts and resources have been devoted to research during environmental studies, 

including the assessment of various harmful impacts from industrial, civic, business, 

transportation and other economy activities. Environmental impacts are usually quantified 

through Life Cycle Assessment (LCA). In recent years, footprints have emerged as efficient 

and useful indicators to use within LCA. The footprint assessment techniques has provided a 

set of tools enabling the evaluation of Greenhouse Gas (GHG) – including CO2, emissions 

and the corresponding effective flows on the world scale. From all such indicators, the energy 

footprint represents the area of forest that would be required to absorb the GHG emissions 

resulting from the energy consumption required for a certain activity, excluding the proportion 

absorbed by the oceans, and the area occupied by hydroelectric dams and reservoirs for 

hydropower. 

 

An overview of the virtual GHG flow trends in the international trade, associating the GHG 

and water footprints with the consumption of goods and services is performed. Several 

important indications have been obtained: (a) There are significant GHG gaps between 

producer’s and consumer’s emissions – US and EU have high absolute net imports GHG 

budget. (b) China is an exporting country and increasingly carries a load of GHG emission 

and virtual water export associated with consumption in the relevant importing countries. (c) 

International trade can reduce global environmental pressure by redirecting import to products 

produced with lower intensity of GHG emissions and lower water footprints, or producing 

them domestically.  

 

To develop self-sufficient regions based on more efficient processes by combining 

neighbouring countries can be a promising development. A future direction should be focused 

on two main areas: (1) To provide the self-sufficient regions based on more efficient processes 

by combining production of surrounding countries. (2) To develop the shared mechanism and 

market share of virtual carbon between trading partners regionally and internationally.
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Plenary Talk on 

Renewable energy sources for environmental protection 
 

HAKAN SERHAD SOYHAN4 

 

Development in energy sector, technological advancements, production and consumption 

amounts in the countries and environmental awareness give shape to industry of energy. 

When the dependency is taken into account in terms of natural resources and energy, 

there are many risks for countries having no fossil energy sources. Renewable and clean 

sources of energy and optimal use of these resources minimize environmental impacts, 

produce minimum secondary wastes and are sustainable based on current and future 

economic and social societal needs. Sun is one of the main energy sources in recent years. 

Light and heat of sun are used in many ways to renewable energy. Other commonly used 

are biomass and wind energy. To be able to use these sources efficiently national energy 

and natural resources policies should be evaluated together with the global developments 

and they should be compatible with technological improvements. Strategic plans with 

regard to energy are needed more intensively and they must be in the qualification of a 

road map, taking into account the developments related to natural resources and energy, 

its specific needs and defining the sources owned by countries. In this presentation, the 

role of supply security was evaluated in term of energy policies. In this talk, new 

technologies in renewable energy production will be shown and the importance of supply 

security in strategic energy plan will be explained.
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Fuzzy Logic Based Complex System Control 

Implementation on Wave Energy Converters 
 

ALPER BURGAÇ & HAKAN YAVUZ6 

 
Abstract This study presents the results of the Fuzzy Logic (FL) based 

control application for heaving type wave energy converter (WEC) 

operating in realistic sea state conditions. It has been shown in literature 

that the power capture performance of heaving WECs depends on the 

resonance with incident the wave frequency. In regular sea wave 

conditions, the task of setting the control parameters for sinusoidal waves 

is a well-known easy task if the wave frequency is known. However, in 

realistic sea conditions, the wave frequency needed for control settings is 

not clearly defined One of the approaches proposed in literature is to use of 

dominant wave frequency. This dominant wave frequency can be estimated 

by a model using the Discrete Fourier Transform approach. The presented 

model utilizes the estimated wave frequency in FL controller for 

determination of the PTO control settings. This approach not only uses 

PTO based for the fast tuning technique, but also introduces slow tuning 

method. As a part of the study, the developed realistic simulation model 

and proposed FL based controller is used to combine the fast and slow 

tuning techniques. The simulation results for realistic sea conditions are 

presented. 

 

Keywords: • Renewable energy • wave energy converter • wave power • 

control • fuzzy logic •
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1 Introduction 

 

With the advance of the technology in our daily life, the need for energy increases every 

day. The increasing demand for higher energy and also the environmental concerns lead 

to search for environmentally friendly energy sources. The main environmentally friendly 

renewable sources of energy are wind, solar and wave energy. These renewable energy 

sources are mostly utilised or the related technology has reached to a certain level of 

capacity for wind and solar systems. However, the developments for wave energy based 

power systems seem to be slower in development relative to the other two renewable 

energy sources. [1] 

 

Wave energy converter (WEC) is a device that converts energy of incoming waves into 

electrical power which is then supplied to the grid. The configuration of the WECs vary 

according to many aspects, that is, the installation site (i.e., on-shore, near-shore or 

offshore), the principle of operation (i.e., oscillating, pitching, surging etc.) and the 

deployed power take-off (PTO) mechanisms. The economic feasibility of the WEC 

appears to depend on the wave potential at the installation site, the efficiency of the PTO 

system, and the effectiveness of the control strategy used, along with other factors such 

as installation and maintenance costs [2]. 

 

The oceans have been reported to have great wave energy potential [3]. However, the 

irregular nature of ocean waves and complexity of wave-WEC interaction makes the issue 

a challenging one [4]. Although, control techniques appear to improve the wave power 

extraction potential, understanding of the overall issue still remains to be weak. One of 

the main challenges in offshore systems development is to apply the control techniques 

to WECs. The control strategies for oscillating types mainly aim keeping the WECs at 

resonance by adjusting the WEC natural frequency to match the incident wave frequency 

[1]. There are a number of studies presents details on development of control systems for 

WECs [5,6,7]. The optimum control of wave energy converters is discussed in detail by 

Falnes [8], where almost all aspects of control and related tuning methods are summarized 

in a framework that outlines and covers various tuning methods [4,8,9]. Another issue for 

control is to adjust control parameters in realistic wave conditions. In simple terms, the 

task of tuning of a WEC is achieved by adjusting the Power-Take- Off System (PTOS) 

settings to the right values at the right time [9]. This paper presents results for tuning 

WEC parameters with both slow and fast tuning methods to make the control approach 

more realistic and practical. There will be three different cases of analyses use for the 

comparison of the power capture performances. In the first case (Case 1), only 

instantaneously adjustable stiffness and damping based tuning is assumed. In the second 

case (Case 2), quantized version of stiffness along with instantaneous damping is used. 

In the final case (Case 3), quantized version of stiffness along with instantaneous damping 

is supported by FL based slow tuning where an on-board water tank and related water 

storage quantity is used in manipulation of the overall system mass.  
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2 Fuzzy logic control 

 

The term fuzzy logic was first introduced in 1965 by Lotfi Zadeh [10,11]. (FL) controllers 

have been used to handle complex systems where system parameters have an inherit 

uncertainty. This is defined as the concept of partial truth, where the truth value may 

range between completely true and completely false [12].  

 

Especially for the case of wave energy converters, system parameters contain high level 

of uncertainty. For such control applications where system parameters contain 

uncertainty, the control problem becomes a really complicated issue. This is where FL 

control systems become an important tools for development of controllers for WECs as 

FL controllers are capable of handling uncertainty very well.  

 

The main issue in use of the FL controller design is to define the rule base. That has been 

some papers in literature on FL control applications based on WEC control [2,6,13]. In 

most of the reported cases of FL controllers, the research is focused on use of a controller 

for power take-off settings. In most of the cases reported in literature, the damping and 

stiffness settings appear to be the only parameters being determined by the FL controller 

[2]. 

 

In our case, FL controller is used in adjustment of the added mass for the water tank of 

the wave energy converter for slow tuning. 

 

3 Mathematical Model 

 

The heaving WEC studied in this paper has been described in [1] where all necessary 

details are provided. In order to avoid repetition (mostly covering Case 1), those details 

are not provided here. As illustrated in Figure 1, the Time-Domain model of the point-

absorber WEC system [1,14] consists of two parts that run in consecutive steps. In the 

wave force pre-processing part of the simulation, the time-series wave elevation data is 

processed to yield the time-series wave force signal, and the time-series wave frequency 

signal is also estimated. The power conversion part is, on the other hand, based on a 

MATLAB/SIMULINKTM [15] model, where the wave force is used to excite the WEC 

model and the displacement ( )x  and velocity ( )v  signals are calculated. These 

signals, along with 
ptok  and 

ptob , are then used in PTO where the instantaneous power 

( )insP , moving average power ( )maP  and the controlled force ( )H  are calculated. The 

controller block in Figure 1 uses the estimated wave frequency signal and generates the 

optimum PTO settings (
ptok , 

ptob ) using the ideal point-absorber WEC theory. It also 

calculates the necessary added mass stm  for the water tank for slow tuning. The below 

model describes the operation of Case 1 and Case 2 if considering controller only using 
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PTO settings for control without 
stm . In the third case (Case 3), the controller uses the 

PTO settings and 
stm  for controlling the operation of the WEC. 
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Figure 1. Overall model of the point-absorber WEC system 

 

The equation of motion in the time domain for a single translation mode, or degree of 

freedom, subject to wave effects can be expressed in the form  

 

( ) ( )drym x t F t         (1) 

 

in which ( )x t  is the position of the body at time t, drym  represents the inertial mass of 

the body, a  represents added mass and ( )F t  is the total force on the body. Eq. (1) can 

be expressed below  

 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

t

dry R

E

m a x t bx t cx t K t x d

K t d H t

  

   







      

 





    (2) 

 

With zero initial conditions (i.e. at ‘rest’), it can also be shown [4 and 5] that the Laplace 

transform of Eq. (2) can take the form 

 

2 ( )
[( ) ] ( ) ( )

( )

( )
( ) ( )

( )

R
dry

R
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E

B s
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where ( )X s , ( )Z s  and ( )H s  are the Laplace transforms of ( )x t , ( )t  and ( )H t  

respectively. 

 

The above mathematical model describes the WEC operated in Case 1 and Case 2. 

However in Case 3, the overall mass of the system is varied with settings provided from 

the controller. In this case, the overall mass of the system ( M ) can be described by the 

below equation. 

 

dry tnk stM m a m m        (4)  

 

Further details on DFT analysis of wave elevation for wave information generation, 

wave force calculation, approach used in determination of PTO settings, calculation of 

instantaneous power ( Pins ) and moving average power ( maP ) can be found in the study 

presented in [1]. 

 

4 Simulation studies 

 

Most WECs control studies assume instantaneous variation of PTO settings for control 

applications. However, in practice instantaneous achievement of PTO settings may not 

be practical due to response time of such mechanical systems. It is also worth mentioning 

that such applications may require high levels of power to achieve instantaneous and 

accurate control of settings. It is also necessary to assess the cost of instantaneous 

variation of parameters and to provide a solution to this problem. In Case 1 the control 

parameters are varied instantly. In Case 2, the stiffness is quantized while damping is still 

instantaneously varied. In final case (Case 3), to compensate for the losses of quantized 

level of stiffness added mass parameter ( stm ) is used for slow tuning thereby improving 

the system power capture performance. In this approach as a part of slow tuning an on-

board water tank and related water storage quantity is used in manipulation of the overall 

system mass to manipulate the system’s natural frequency. Hence, in this case the tuning 

of the WEC is achieved by both slow and fast tuning methods to make the control 

approach more realistic and practical.  

 

4.1 Case1:Achievement of instantaneous ptok  with a servo hydraulic system 

 

In In this case, the control approach is based on instantaneous adjustment of stiffness 

parameter of power take off (PTO) unit for wave energy converters (WEC). The control 

parameters are used to get resonant motion for maximized the energy production. But 

there are some practical problems such as varying the ptok  parameter instantly. The main 

issue here is such fast achievement of stiffness settings. Assuming that it is technically 

possible to achieve such a speed, the necessary power to achieve this may be too high. 



6 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), MARINE AND HYDRO POWER 

A. Burgaç & H. Yavuz: Fuzzy Logic Based Complex System Control Implementation 

on Wave Energy Converters 
 

The double acting hydraulic cylinder mechanism is selected to achieve instantaneous 

adjustment of PTO stiffness (
ptok ). To achieve the required stiffness and related force, 

the hydraulic cylinder is used directly. The 
kptoF  is calculated as in Eq. (10) below:  

 

kpto ptoF k x
        (10) 

 

Double acting 

hydraulic cylinder

Directional flow 

control valve

Tank

M

Motor

Pump

FKpto

 

Figure 2. The outline of the instantaneous ptok setting achievement using a hydraulic 

system 

 

 

Figure 3. ptok settings, displacement and related kptoF for case 1 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), MARINE AND HYDRO POWER 

A. Burgaç & H. Yavuz: Fuzzy Logic Based Complex System Control Implementation 

on Wave Energy Converters 

7 

 

In Figure 3, settings for ptok  are provided for a realistic sea state. In the figure also the 

displacement and the force required for achievement of ptok  is presented. In Figure 4, 

Hydraulic Pressure (
hydP ), flow rate and hydraulic power (

hyd ) required for 

instantaneous achievement of ptok
 
and required electrical power ( elec ) for Case 1.The 

power results for Case 1 are given in Figure 4 and Figure 5. The Figure 5 shows the 

instantenous power  ( Pins
) and moving average power (

maP )produced with instantaneous 

settings. As simulation result, total captured power is calculated as 572 kW . In Figure 6, 

the power requirement for stiffness, power capture performance and related power levels 

are illustrated. It can be seen that the power required for instantaneous achievement of 

PTO settings require much more power than the device actually captures. 

 

 
Figure 4. Hydraulic Pressure, flow rate and hydraulic power required for instantaneous 

ptok achievement and required electrical power for Case 1  
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Figure 5. Produced power for Case 1 

 

 
Figure 6. Power results for Case 1 

 

4.2 Case2:Achievement of quantized 
ptok  

 

In this case, PTO stiffness is quantized. For this purpose, the control parameters for 

instantaneous parameter change are given in the table below. From this table the 

minimum and maximum values of stiffness settings are determined. These results are 

used in quantization of the tuning parameters. For quantization of stiffness, 16 springs 
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are used and this makes 8 quantization levels considering symmetric positioning of 

springs in the system. Each symmetric couple of springs set are activated by a hydraulic 

cylinder pushing the springs into action while releasing when they are not in use.  

 

Table 1: Maximum and minimum required ptok values 

#Dataset No 
min

ptok  (kN/m) 
max

ptok  (kN/m) 

1 -657,86 661,26 

2 -657,86 450,2 

3 -474,83 -103,83 

4 -539,14 67,65 

 

 

Figure 7. Quantized version of the stiffness ( ptok ) with the instantaneously varied one. 

 

In Figure 7, the quantized and instantaneously varied stiffness values are shown. The 

control approach with quantized ptok  is based on activating spring depending on 

frequency estimation. However the tuner selects upper rounding value for stiffness. From 

this figure it is clear that quantized levels of stiffness are technically more feasible than 

instantaneously varied type as variations are not instantaneous, far more practical and 

achievable.  
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Figure 8. Power analyses for Case 2 

 

In Figure 8, the simulation results for power analyses of Case 2 are given. In this 

approach, power capture is about 326kW and this corresponds to approximately 60% of 

the power capture of the Case 1. The main reason for loss of captured power is 

mismatched natural frequencies of the WEC and wave. 

 

4.3 Case3:Quantized 
ptok  with support of FL based slow tuning control (

stm )  

 

Keeping the WECs at resonance by adjusting the WEC natural frequency ( n ) to match 

the incident wave frequencies is the main phenomena for phase control to harvest 

maximum energy. In Case 2, a reasonable solution is applied to model to make WEC 

more realistic but resonance condition couldn’t be completely satisfied. In this case (Case 

3), stm  is determined to meet the resonance condition.. Four symmetric pumps are 

placed to pump water in to a tank to control added water mass ( stm ) of WEC to meet 

the resonance conditions. These pumps are driven by FL controller depending on the 

incident wave frequencies. The FL controller rules are given in Figure 9. The simulation 

results of the power capture performance for Case 3 are given in Figure 10. 
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Figure 9. FL controller rules for Case 3 

 

 
Figure 10. Power analyses for Case 3 

 

In Figure 10, the power capture performance results are shown where quantized ptok

with the help of the FL controller based slow tuning appears to improve system 

performance very much. With the help of FL based slow tuning control approach, the 

deviated resonance condition met again and the total power captured by WEC is increased 

to 560 kW. This results indicate that less frequent variation of PTOS stiffness and slow 
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tuning can also be a very good and practical solution to the control problem. As this 

approach does not require instantaneous variation of control parameters, it leads to more 

practical, energy efficient and technically more feasible solution. 

 

5 Conclusion 

 

The objective of this paper is to determine a Fuzzy Logic controller for typical heaving 

wave energy converter. The proposed controller has ability to get power by achieving 

quantization of ptok with the help of slow tuning method instead of adjusting the stiffness 

of PTO instantaneously. The system is modelled and simulations are done step by step to 

make the system more efficient and more realistic. In the first case the system has ability 

to capture more power but the power requirement for control approach is calculated as 

more higher than the power actually produced. In order to reduce the required operational 

energy, the quantized system is proposed as a practical solution. The power capture 

results for Case 2 are shown to have decreased. However, the system is practically 

achievable and feasible. In order to regain the energy loss due to mismatched natural 

frequencies, FL based slow tuning technique is proposed. The approach proposed in Case 

3 appear to be more efficient and far more practical. It was clearly seen that, in order to 

increase the efficiency of power production, the WECs must be controlled and the 

resonance must be matched. 
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Investigation of Spontaneous Dewatering of Sugarcane 

Juice Through Forward Osmosis at Module Level 

Employing Virgin Sea Bittern as Draw Solution 
 

RHEA BHANSALI, BHARAT HONMANE & PUSHPITO K. GHOSH7 

 
Abstract Sea bittern is highly concentrated in inorganic salts and its 

osmotic pressure is more than fifteen times higher than of seawater. It has 

been demonstrated previously that sea bittern can be utilized as draw 

solution in Forward Osmosis (FO), and efficient dewatering of sugarcane 

juice was demonstrated. The study was carried out only at membrane 

coupon level. The present study extends the practical utility of the approach 

by reporting results at module level with ca. 100-fold scale-up of active 

membrane area. A hollow fibre (HF) FO module (Aquaporin make) having 

0.6 m2 active area on lumen side was used for the study.  An experiment 

was conducted in continuous single pass mode, wherein sugarcane juice 

(15 oBx initial density) and virgin bittern (28 °Bé density) were passed 

through the module at mass flow rates of 100 g min-1 and 500 g min-1, 

respectively. The juice collected at the outlet of the module measured 30 

oBx and the dewatering performance was steady.  The pure water permeate 

flux over 8 mins of continuous operation was computed to be 5.1 Lm-2h-

1. The problem of membrane fouling was minimal and the module could 

be cleaned easily after use. 
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1 Introduction 

 

The annual global production of common salt has touched 280 million tons, of which 

solar sea salt comprises a sizable fraction. India itself produces ca. 25 million tons of 

solar salt. The by-product mother liquor is referred to as sea bittern [1].  Approximately 

1 m3 of pristine sea bittern of 28-29 °Bé [°Bé = 145(1-1/ρ), where ρ= specific gravity] is 

obtained per ton of salt produced, and it can be evaporated further to still higher densities 

[2],[3]. Sea bittern is highly concentrated in inorganic salts, with water activity and 

osmotic coefficient values in the range of 0.70-0.36 and 1.4-3.3, respectively, when the 

density of the bittern is in the range of 28-39 °Bé, making it an abundant reserve of pent-

up energy.  Much of it is discharged to sea without tapping this energy. Sugar is another 

high volume commodity, and India alone produces 21-24 million tons of this valuable 

natural product which finds wide utility in the food and beverage sector and has industrial 

applications also. Sucrose is used extensively, for example, in the pharmaceutical 

industry to make medicinal drugs more palatable [4].  It is also used to produce surfactants 

[5],[6] and polymers [1],[7],[8]. Sucrose is obtained primarily from sugarcane and sugar 

beet, Indian production being dependent exclusively on the former.  For each ton of 

burned and cropped sugarcane delivered to the factory, ca. 600 kg of water must be 

stripped off to produce around 120 kg of sugar [9]. The thermal energy is largely supplied 

through the combustion of sugarcane bagasse, which is a resource that finds alternative 

uses also. 

 

Several studies have been conducted over the years to minimize dewatering cost in sugar 

production.  The traditional burned and cropped method of harvesting the cane no doubt 

would reduce the moisture content of the cane to some extent.  Other methods include 

membrane distillation [10] and reverse osmosis [11]. Yet another emerging technique is 

Forward Osmosis (FO)[12-14]. It was found that sea bittern serves as efficient osmotic 

agent through its application as draw solution in FO [14].  Besides serving as an efficient 

osmotic agent, sea bittern has the additional virtues of being benign and non-toxic, 

making it well suited to edible applications.  Indeed, dewatering of sugarcane juice was 

successfully demonstrated, albeit at a small scale employing a membrane coupon. The 

present study advances the concept through dewatering studies at module level with 100-

fold higher membrane area, and employing virgin sea bittern as draw solution. 

 

2 Material and methods 

 

Sugarcane juice was obtained from a juice vendor and the sucrose content was estimated 

using a Brix meter.  Sea bittern of 28.0 °Bé density was procured from a local salt works 

in Wadala, Mumbai.  The bittern typically has the composition shown in Table 1[15]. 

 

The HF FO module used in the present study was provided by M/s Aquaporin, Denmark. 
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Figure 1.  Solar salt works at Wadala, Mumbai from where pristine bittern of 28 °Bé 

density was sourced. 

 

The specifications and other details are provided in Table 2.  Feed and draw solutions 

were circulated using peristaltic pumps supplied by ELECTROLAB INDIA PVT. LTD. 

The FO experiments were performed at room temperature (28-32oC), both in 

recirculation mode and in continuous single pass mode. Schematic drawing of the FO 

assembly in recirculation mode and continuous single pass mode are shown in Figures 2 

and 3, respectively. 

 

Table 1. Typical Composition of 28 °Bé sea bittern  

Parameter Value 

Specific gravity 1.24 

Density on Baume scale 

(°Bé) 

28 

pH 6.8 

[Na+] (M) 3.0 

[Na+] : [K+] : [Mg2+] : [Ca2+] 

molar ratio  

10 : 1.1 : 5: 0.004 

[Cl ̶ ]  (M) 7.7 

[Cl ̶ ]  : [SO42-] molar ratio 16:1 
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Table 2. Specifications of Aquaporin FO module employed in the present study 
1 Test Conditions 300ml/min flow speed in lumen; 

300ml/min flow speed on shell side 

2 NaCl reverse flux <2.5g/m2/hr(0.2 oz/f2/day) 

3 Water  flux >7l/m2/hr(4 gal/f2/day) 

4 Efficiency <0.43g/l(0.06 oz/gal) (draw solution 

loss per liter of output) 

5 Aquaporin Inside TM 

coating 

Coating of Aquaporin proteins on 

lumen side of fiber 

6 Active area  0.6m2(6.46f2)/1m2(10.77f2) 

7 Number of fibers 3000 

8 Rejection of 

fluorescent marker 

>99.5% (M.W=622.55) 

9 Inner diameter of fibers (300±40)µm 

10 Module dimensions 265mm long(10.43 in), 55 mm in 

diameter(2.17in) 

11 Connectors Ø15mm (0.59 in) 

12 Process 

Recommendation 

pre-filtration of the solution to be 

applied to the lumen side. 

13 Shelf life Minimum 6 months 

14 Storage  Stored at room temperature, but 

referred storage at 4˚C(39˚F) 

15 Packaging The module is mechanically robust and 

is suitable for transport without 

additional packaging 

 

 
Figure 2: Schematic drawing of the Forward Osmosis assembly for continuous single 

pass dewatering in recirculation mode showing (1) Hollow fiber forward osmosis 

module, (2) pressure gauges, (3) peristaltic pumps, (4) Left: Feed Solution; Right: Draw 

Solution, and (5) Left: Dewatered Feed Solution, Right: Diluted Draw Solution 
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Figure. 3. (A) Schematic drawing of the Forward Osmosis assembly for continuous 

single pass dewatering showing (1) Hollow fiber forward osmosis module, (2) pressure 

gauges, (3) peristaltic pumps, (4) Feed (Left) and Draw (Right) solutions, and (5) 

Concentrated Feed (left) and Diluted Draw (Right). 

 

 
Figure. 3 (B) Picture of the actual assembly with sugarcane juice (brown liquid) at left 

and bittern (pale yellow liquid) at right. Outlet feed and draw solutions were collected 

in the empty jars shown in the picture 

 

3 Results and discussions  

 

FO is a highly energy efficient process as it requires virtually no input of electrical or 

thermal energy.  Only a small amount of electrical energy is expended in circulating the 

feed and draw solutions through the membrane module with the help of peristaltic pumps.  

The draw solution is at high chemical potential and serves as an osmotic agent, extracting 

water from relatively dilute feed solutions through a spontaneous process. HF membranes 

were introduced in the sixties and have wide utility in water treatment, desalination and 
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gas separation technologies [16]. The HF module is also more readily amenable to 

cleaning. HF FO membranes are a more recent development and are being considered for 

diverse applications. Novel HF FO membranes are constantly being developed [17]. 

Aquaporin InsideTM HF FO module is one such recent product which is as yet not 

commercialized and units are being provided by the company only for research and 

piloting purposes.  In a previous study, the dewatering of sugarcane juice (osmotic 

coefficient φ~1.01) with concentrated bittern as draw solution was demonstrated 

employing a coupon cut out from polyamide flat sheet FO membrane.  The improvements 

and scale up explored in the present study to make the process practical are listed in Table 

3.  Most importantly an Aquaporin InsideTM HF FO module was utilized which enabled 

the process to be scaled up ca. 100-fold, with steady performance.  Another significant 

difference was that the previous study employed concentrated bittern, i.e., the virgin 

bittern was evaporated further to higher densities which greatly reduces the water activity 

and enhances the osmotic coefficient from φ =1.41 at 28°Bé to φ =3.24 at 38.9°Bé. 

 

Table 3. List of advances made in the present work compared to the previous work [14] 

on bittern-based dewatering of sugarcane juice 

Parameters Previous Work Present Work 

Membrane type Flat Sheet  Hollow Fibre 

Coating Polyamide Aquaporin 

proteins coating 

on lumen side to 

improve the 

performance 

Membrane area 0.0057 m2 0.60 m2 (lumen 

side) 

Sugarcane juice 10.5% (w/v) 

sucrose; clarified 

through 

ultrafiltration 

15.0oBx; clarified 

through 

ultrafiltration 

Bittern 38.9°Bé 28.0°Bé 

Feed to Draw 

ratio in 

recirculation 

mode 

1:8 (v/v) 2:1 (w/w) 

Continuous 

single pass FO 

Not studied Studied 

 

It was decided to undertake the study with virgin bittern itself since it is more readily 

available from a salt works and no additional effort would be required on the part of salt 

producers. 
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Table 4 provides data of a study undertaken in recirculation mode (Figure 2) employing 

Aquaporin InsideTM HF FO module. The study was carried out with an initial 2:1 (w/w) 

ratio of feed (sugarcane juice) to draw (sea bittern).  Thus, 1000.4 g (930 mL, ρ = 1075.3 

kgm-3) of 15oBx sugarcane juice was taken in one container and 500.9 g (410 mL, ρ = 

1219.5 kgm-3) of 28°Bé sea bittern in another container. The feed and was circulated 

through the lumen side at 100 mLmin-1 (19 rpm pump speed) and the draw was circulated 

at the flow rate of 100 mLmin-1 (18 rpm pump speed) through the shell side of the 

module. The experiment was conducted over 40 min and the change in weight of the draw 

solution with time is plotted in Figure 4. As can be seen from the figure, the diluted draw 

solution weighed 1104.5 g after 40 min, its volume was 1022 mL and its density was 

computed to be 1083.8 kgm-3.  The weight of the feed (sugarcane juice), on the other 

hand, reduced to 363.7 g, its density measured 1200.4 kgm-3 and the Brix reading was 

47oBx as compared to the initial reading of 15oBx. The average permeate water flux was 

estimated to be 1.59 Lm-2h-1.  The mass balance was satisfactory (weight gain of 603.1 

g of draw solution versus weigh loss of 636.7 g), the small difference being on account 

of hold up of solution in the module and tubing. 

 

 
Figure 4. Plot of increase in weight of sea bittern (draw solution) versus time for 

experiment conducted in recirculation mode. 

 

A second experiment was conducted in continuous single pass mode (see Figure 3).  

Sugarcane juice from the same lot was passed through the module at flow rate of 100 

gmin-1 (19 rpm pump speed) while the sea bittern was circulated through the shell side at 

500 gmin-1 flow rate (75 rpm pump speed). The results are plotted in Figure 5. As can be 

seen the cumulative volume of the draw solution increased linearly with time over the 

duration of the experiment (8 mins).  Against the 8x100 g = 800 g (sugar content in the 
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total feed weight would be (15/100) x 800 = 120 g) of feed solution passed through the 

module in 8 minutes, the weight of concentrated feed obtained was 386.2 g. Against the 

estimated Brix concentration of 31 oBx [(120/386.2)x 100], the experimentally 

determined value was 30 oBx which was in good agreement.  Thus the sugar 

concentration was doubled in the continuous single pass experiment.  Considering further 

that the water amount that permeated from the feed solution to the draw solution was 800-

386.2 g = 413.8 g over 8 mins, the average permeate water flux was computed to be 

(0.4138 x 60)/(8 x 0.6) Lm-2h-1 = 5.17 Lm-2h-1. 

 

 
Figure 5. Plot of increase in weight of sea bittern (draw solution) versus time for 

experiment conducted in continuous single pass mode. 

 

4 Conclusion 

 

The present study investigated the practical utility of FO for dewatering of sugarcane 

juice with virgin bittern as osmotic agent.  Doubling of the Brix concentration and a high 

permeate water flux (5.17 Lm-2h-1) were achieved in practical manner, i.e., through 

continuous single pass FO.  Even with the small module employed, it would be feasible 

to process 140 kg of sugarcane juice over 24 h period based on the results achieved, 

considering 5:1 (w/w) ratio of virgin sea bittern to sugarcane juice, and a target of twofold 

increase in sugar concentration.  The process was undertaken at room temperature.  

Leakage of sugar and problems due to fouling were minimal.   
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Abstract Very low-head hydropower sites are abundantly available on 

small rivers, streams, irrigation canals, headworks or at wastewater 

facilities. However, lack of economically and ecologically viable 

technologies has been impeding these sites from being utilised for 

hydropower. The Zuppinger water wheel, with its high efficiencies over a 

wide operating range, is a potential device for very low-head applications. 

The efficiencies of around 75 % quoted in the literature reflect that there 

still exists a potential to improve the wheel performance through a better 

understanding of the flow physics around the wheel. For this reason, a test-

rig with a Zuppinger water wheel model and a non-intrusive velocity 

measurement technique, Particle Image Velocimetry (PIV) is developed. In 

this paper, the experimental set-up, PIV instrumentation, and the special 

requirements on the set-up imposed by the water wheel are discussed and 

preliminary results are presented. 
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1 Introduction 

 

The increasing pressure of reducing global warming has generated enormous research 

and development efforts in the renewable energy sector. Among which hydropower is the 

key player generating 71 % of total renewable energy at the end of 2015 [1]. And, there 

is still a considerable potential for developing hydropower resources globally. 

 

On that context, very low-head hydropower sites of those below 5 m head differences 

could be an interesting source of energy. Such sites are abundantly available within 

irrigation systems, headworks, weirs, wastewater facilities, and at old mill sites [2]. 

Utilising these small but important sources of energy has until now been retarded by the 

lack of economically justified technological solutions.  

 

Conventional water wheels have been used for power generation since centuries. The 

Zuppinger water wheel is one of the most efficient devices developed in the1850s [3]. In 

Europe, this wheel is widely used even today for running old mills or even for electrical 

power production. High efficiencies of around 75 % and power generation of more than 

40 kW were quoted in the literature [4] that could be significant amount of power for 

decentralised application to meet the daily energy requirement. 

 

Nonetheless, the efficiencies reported in the literature means that there is still a room to 

optimise the wheel for better efficiency. To understand the losses within the wheel and 

with an ultimate objective to optimise the wheel geometry, a test rig with a model of 

Zuppinger water wheel with advanced velocity measurement technique ‘Particle Image 

Velocimetry (PIV)’ is developed. PIV is a non-intrusive, highly accurate and powerful 

method of velocity measurement [5]. In this paper, the test-rig and PIV set-up is described 

in detail. The challenges imposed by the air entrainment and the complexity of the 

structural components on the PIV set-up are discussed, and some preliminary results on 

the wheel performance are presented. 

 

2 The test-rig 

 

The test-rig consists of a purpose built 17.3 m long, 0.8 m wide, and 0.7 m high flume 

with a model Zuppinger wheel and PIV measurement facility. The wheel has a 1.2 m 

diameter and is 79.2 cm wide with a maximum of 24 blades. The blades are made up of 

8 mm thick PMMA sheet. The wheel is placed over a curved shroud made up of 12 mm 

thick float glass to allow the laser sheet to intersect from underneath the flume. A gap of 

4 mm is kept between the sides and bottom of the flume and the wheel. 

 

The flow in the flume is measured using Krohne Optiflux 2100 series electromagnetic 

flow meter with an accuracy of ± 0.3 %. A magnetic powder brake FRAT 350 from 

Liedtke   with torque transducer TRS 50 (accuracy ± 0.5 % of full scale at 20°C) was 

used for measuring the torque on the wheel shaft. The rotational speed of the wheel is 

measured with solid shaft encoder from IFM model RB1015. Downstream submergence 

of the wheel has a significant impact on the wheel performance. To reproduce the 
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downstream water levels accurately, an inclination sensor INY360D-F99-2U2E2-V17 

from Pepperl+Fuchs (accuracy ± 0.5°) is used for positioning of the downstream weir.  

 

The optical set-up uses dual oscillator pulsed Nd:YAG laser (Spitlight compact DPSS 

100) having a 532 nm wavelength, minimum 50 mJ pulse energy, pulse frequency of 

100 Hz and pulse duration of 7–9 ns. It also contains an integrated cooling unit. To guide 

the 5 mm diameter laser beam into the flume, a Periscope with 1” mirror, two 2” mirrors, 

a concave lens (f = -40 mm) and two convex lenses (f = 300 mm and f = 1000 mm) and 

a 3”, 90° mirror were used. The laser beam is thus converted into a ≈110 mm wide and 

≈1 mm thick laser sheet for 2D PIV measurement. Figure 1 shows the PIV 

instrumentation.  

 

A Programmable Timing Unit (PTU) from LaVision (model PTU9) is used for the 

synchronisation of the camera, lasers and the wheel and to readout the synchronised data 

from all sources. A rotary decoder is integrated into the PTU for precise phase triggering. 

A LaVision Imager sCMOS camera (2560 x 2160 px) with a 532 nm interference filter 

and a 200 mm AF Micro-Nikkor 1:4D IF-ED objective was used for imaging. The 

maximum frame rate of the camera is 50 Hz. 

 

 
Figure 1: PIV set-up 

 

2D PIV software module, with processing software DaVis 8.2 is used. The size of a Field 

of view (FOV) is approximately 95 x 80 mm, so multiple frames are required to capture 

the flow field around the wheel blades. A calibration target was developed to serve the 

purpose of measurement calibration. The breadboard with laser, camera and the optical 

parts are carried by an in-house developed 3D traverse system. The traverse can be moved 

in all coordinate direction with a repeatability of 0.05 mm. The camera can be moved in 

the z-axis independent of the traverse.  

Laser	

camera	
Wheel	

Op cs	to	guide	
the	laser	beam	

Traverse	

Shroud	
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The head difference, power output and efficiency of the wheel are calculated using Eq.  

(1–3). Where, h is water depth in m, v is velocity in m/s. The subscripts 1 and 2 refer to 

the upstream and downstream of the wheel, respectively. The velocity is calculated from 

the known flow rate (Q) and the wetted flow area (v1=Q/Bh1; v2=Q/Bh2). The geodetic 

head difference between the upstream and downstream of the wheel (z1-z2) is 9.3 cm; ω 

(=2πN/60) is the angular velocity of the wheel in rad/s and N is the rotational speed in 

rpm. 

 

H = z1 + h1 +
v1

2

2g

é

ë
ê

ê

ê
ú- z2 + h2 +

v2

2

2g

é

ë
ê

ê

ê
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Pout =wt     Eq. (2) 

 

h =
wt

rgQH
´100%    Eq (3) 

 

A cRIO-9074 was used to acquire data. A LabVIEW environment is programmed to 

control input parameter and real time monitoring of the data. 

 

3 Seeding particles  

 

Correct choice of seeding particles is very important in successfully conducting PIV 

measurements. Seeding particles should possess physical properties that allow them to 

accurately follow the flow pathlines and match with the flow acceleration, as well as the 

particles must have adequate scattering characteristics [6]. The diameter and density of 

the particles are the deciding factors in describing the ability of the particle to follow the 

flow and their scattering characteristics. As such, particles must be small enough to 

follow the flow pathlines and at the same time large enough for yielding high signal-to-

noise ratio (SNR) of the scattered light signal [6, 7]. Moreover, the concentration of the 

particle is equally important.  

 

However, while choosing a diameter a compromise must be made between the tracking 

capability and scattering characteristics of the particles. After a discussion with different 

manufacturers, particles of diameter around 1-10 μm were recommended as suitable for 

the current application. Besides the particle diameter, Mei [8, p6] recommends the ratio 

of particle density to the fluid density from 0.56 to 1.62 for very good response of seeding 

particles. In this case, considering water density of 0.9982 g/cm3 at 20°C and mean 

particle density of 1.1 g/cm3, specific gravity resulted in a value of 1.101.  

 

Particle concentration of 8–10 particles per interrogation area (IA) is suggested in the 

literature [9]. To determine the right concentration of the particles for the current 

application, number of particles present in the IA (32 x 32 px) was visually evaluated in 
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DaVis. For the desirable concentration of particles (8–10 particles per IA), 2.25 g of 

particles is required per 100 l water. The total volume of 20 m3 water in the flume thus 

requires 450 g particles for one time seeding.  

 

Following the general guidelines for particles that they are non-toxic, non-corrosive, non-

abrasive, non-volatile and chemically inert [6], different particles within the preferred 

diameter and density range were considered in the preliminary analysis. These particles 

include polyamide, Hollow Glass Sphere (HGS) particles from three different 

manufacturers and fluorescent polymer particles. However, due to the high costs for the 

fluorescent polymer particles (further described in Section 4), only polyamide seeding 

particles from Dantec and HGS particles from three different manufacturers (LaVision, 

Dantec and TSI) were tested for their suitability in the current application. Considering 

different criteria such as agglomeration, mixing, floating, sinking with time and cost, 

HGS particles from TSI were found suitable for this application. These particles have a 

mean diameter of 10 μm, a density of 1.1 g/cm3, and refractive index of 1.52.  

 

4 Multiphase flow 

 

The flow in the flume is turbulent with Reynolds number ranging from 18000 to 42000. 

Due to the interaction of wheel blade at the free surface, the turbulence at the free surface 

becomes large enough to overcome the effect of surface tension and gravity forces. Then, 

air entrainment in the water becomes evident. The flow becomes multiphase containing 

different size of air bubbles. This entrained air bubbles alter the turbulent energy of the 

flow [10]. Thus, in such flows it is essential to capture the flow velocities in both phases. 

 

Unlike single-phase flow, a number of technical problems arise in applying PIV in 

multiphase flow [11]. The air bubbles entrained into water also reflect on the laser light. 

The reflected light from air bubbles is not homogenous and reflection depends on the 

angle of incidence [12, p204]. In such flows, the velocity obtained through the 

conventional correlation method is an average velocity calculated based on the signals 

from both tracer particles in water phase and air bubbles in air phase. If the difference in 

velocities between these two phases is large, then it produces unrealistic velocity values 

[11]. The limitations of PIV on multiphase flow measurement are discussed by [13]. 

 

A handful of literature is dedicated to the PIV techniques in multiphase flows. One of the 

widely used approaches for multiphase flow is the use of fluorescent particles as seeding 

particles (eg. [14]–[18]). This method requires high pass optical filter to separate the 

radiation scattered by fluorescent and neutral particles [19]. A high-speed camera records 

the laser induced fluorescence (LIF) signal of the seeding particles and a second camera 

records the light reflected from air bubbles. However, the air bubbles also reflect the LIF 

signal of the seeding particles and can generate an erroneous measurement signal in the 

liquid flow. The measurement of the velocity of air bubbles is also influenced by the 

curvature effect [20].  
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An alternative approach employs a digital masking method to separate the signals coming 

from different phases as discussed by [21] and [22]. If the illumination of air bubbles is 

uniform, the digital masking can be applied based on the particle size. If this is not the 

case, digital mask can be generated using advanced image processing techniques [20].  

 

Another commonly used technique is the combination of 2D PIV for liquid phase, 3D 

particle tracking velocimetry (PTV) for air (bubbles) and shadowgraphy. Furthermore, 

Lindken and Merzkirch [20] present a novel method combining the PIV with fluorescent 

particles, digital masking technique and shadowgraphy. Today, multiphase flow 

measurement techniques are well established and are available in commercial packages 

with fluorescent particles and shadow-imaging cameras to meet customised 

requirements. For example, DaVis uses PIV with fluorescent particles for continuous 

(liquid) phase and time-resolved shadowgraphy for air bubbles size, shape and velocity. 

 

In the current state of the test-rig, flow being seeded with HSG particles and with 

entrained air, vectors are incorrectly captured as expected. As shown in Figure 2, wrong 

vectors are built up on the surface of blade due to reflection and air entrainment.  

 

 
Figure 2: Vectors around the wheel blade 

 

To address the air bubbles entrainment and light reflection (discussed in Section 5), use 

of fluorescent particles and shadowgraphy will be an option. However, the use of 

commercial fluorescent particles implies unreasonably high costs of about €35,000 for 

one time seeding, i.e. 240 times higher costs compared to HSG. An alternative option 

would be to produce fluorescent particles as done by other researchers (eg. [18]). 

 

 

 

  

 

   

77 PIV am Wasserrad 

 

Abbildung 62: Vergleich des Processing zweier Bilder einer Aufnahme mit maskierter Schaufel 

Dennoch erreicht das Processing bereits jetzt in großen Teilen eine gute Qualität. Dies kann mit 

der Anzeige des Correlation Vaules aufgezeigt werden (siehe Abschnitt 2.1). Wie in Abbildung 

63 zu sehen, liegt der Correlation Value in großen Teilen des Vektorfelds in einem Bereich von 

0,7 (gelb). Somit wird der im Product Manual von LaVision angegebene Idealwert von 0,7-0,8 

erreicht.61 Hier ist ebenfalls der durch die Schaufel nicht beleuchtete Bereich (dunkelblau) hinter 

dieser zu erkennen. Insgesamt stellt dieses erste Processing einen guten Ausgangspunkt für 

die zukünftigen PIV-Messungen dar, auf welchem in den nächsten Schritten des Projekts 

aufgebaut werden kann. 

 

Abbildung 63: Correlation Value des Processing am Wasserrad 
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5 Curved and reflective surfaces  

 

The test-rig consists of curved structural elements and reflective surfaces having different 

refractive index. The camera sensor signals pass through different mediums, i.e. air to 

solid (glass), to liquid (water). The glass, water, and air have refractive index of 1.52, 

1.33 and 1.00, respectively. Due to this, errors are generated in the image magnification. 

Calibration of the test set-up is therefore necessary to negate the distortion, perspective-

errors and to minimise the error in calculating the magnification factor. A calibration 

target is developed in-house for that purpose.  

 

Moreover, the blade surface produced strong reflection of the laser light as seen in Figure 

3. This reflection can decrease the SNR value and also affect the camera [23].  

 

 
Figure 3: Reflection of light on the surface 

 

6 Wheel performance 

 

The model tests have shown maximum efficiency of the wheel up to 88 %. This efficiency 

is even higher than the values reported in the literature. Wheel efficiency as a function of 

tangential velocity of the wheel (v=ωr) at different flow rates and downstream 

submergence level is plotted in Figure 4. The grey and black lines represent the 

downstream water level (h2) of 15 cm and 20 cm, respectively.  
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Figure 4: Efficiency of the wheel 

 

At 15 cm downstream water level, efficiency curves are much flatter and wider. However, 

as the submergence level increases (h2=20 cm), the efficiency drops rapidly at higher 

velocity showing a narrower band for wheel operation.  

 

Power output of the wheel at different flow rates and downstream water levels is plotted 

in Figure 5. At 50 l/s flow rate, power output reached about 70 W. At the lower 

downstream submergence level (h2=15 cm) and at higher velocity of the wheel, power 

output remains almost constant. These results show the possibility of constant power 

generation at wide operating range of the wheel. The maximum uncertainties in the 

measurement of efficiency and power output are 2.5 % and 2 W, respectively. 

 

 
Figure 5: Power output 

 

7 Conclusion 

 

Even though larger part of the hydropower potential is already harnessed in industrialised 

countries, there are still areas to generate handful amount of hydropower from very low-

0 

20 

40 

60 

80 

100 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

η
 [

%
] 

v [m/s] 

30ls 
40ls 
50ls 
30ls 
40ls 
50ls 

0 

20 

40 

60 

80 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

P
o

u
t [

W
] 

v [m/s] 

30 l/s 

40 l/s 

50 l/s 

30 l/s 

40 l/s 

50 l/s 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), MARINE AND HYDRO POWER 

S. Paudel, M. Weber, D. Geyer & N. Saenger: Zuppinger Water Wheel for Very Low-

Head Hydropower Application 

33 

 

head sites. Zuppinger water wheel is a suitable device for such applications. Their high 

efficiency, simplicity in design and slow rotational speed offers an economically and 

environmentally sustainable solution.  

 

PIV is a powerful method to study the fluid flow. Application of PIV in the special case 

described in this paper is novel to the best of authors’ knowledge. As discussed above, 

the test-rig in its current state has multiple technical challenges, which are currently being 

addressed for acquiring high quality phase-resolved PIV measurements on the Zuppinger 

water wheel model. 
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Abstract Pressure retarded osmosis (PRO) produces energy using the 

salinity gradient between two solutions (draw solution (DS) and feed 

solution (FS)). Using one of the best PRO membranes available so far, the 

ideal power production from seawater could be up to 4 watts per unit 

membrane area (m2) under a realistic hydraulic condition. In this work, a 

full-scale PRO model was developed to estimate the net energy production 

using the salinity gradient between seawater and fresh water. The model 

accounts for the fundamental mass transfer in PRO (e.g., internal and 

external concentration polarization), the scale-up effect (e.g., diluted DS 

and concentrated FS) and the efficiencies of hydraulic devices. The net 

energy was estimated using the model simulation, which revealed that a 

full-scale PRO can derive energy from seawater up to 36.8 Wh/m3. 

However, if the energy for pretreating DS and FS is considered, the net 

energy becomes negative. 
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1 Introduction 

 

The osmotic energy of seawater is equivalent to a waterfall of 270 m. This potential can 

be converted into an energy form by pressure retarded osmosis (PRO) process. PRO 

produces osmotic energy from the salinity difference between two solutions. In a PRO 

process, a draw solution (DS) with high concentration draws water across a membrane 

from a feed solution (FS) with low concentration. The diluted and volume-expanded DS 

with a mechanical pressure lower than the osmotic pressure difference between DS and 

FS, flows through a hydro-turbine for the energy production [1].  

 

Most PRO studies have focused on lab-scale performances of coupon-sized PRO 

membranes to understand the factors affecting power density such as the active and 

support layer characteristics, hydrodynamic conditions, and fouling [2-5]. However, 

power density obtained from a lab-scale membrane experiment cannot be directly 

converted to the energy production rate of a full-scale PRO plant due to scale-up effects 

such as the diluted DS and the concentrated FS inside the membrane module, inefficient 

hydraulic devices (e.g., pump, motor, energy recovery device (ERD), turbine, and 

generator), and pressure loss along the channels (e.g., the DS and FS channels, and 

pipelines). Thus, a net energy production (NEP) analysis based on full-scale performance 

should be carried out to estimate a realistic energy production potential of a PRO process.  

 

In our work, the NEP analysis based on a newly developed full-scale PRO model was 

carried out. The model accounts for not only the fundamental mass transfer in PRO such 

as internal and external concentration polarization (ICP and ECP), but also the scale-up 

effects such as the diluted DS, the concentrated FS, the efficiencies of hydraulic devices 

as a function of the plant capacity (e.g., the sum of the FS and DS flow rates), and the 

hydraulic pressure drops along the membrane channels.  

 

2 METHODS 

 

2.1 ICP and ECP 

 

The water flux in PRO is obtained by the osmotic pressure difference between DS and 

FS, and thus it is strongly affected by concentration polarization [6, 7]. As shown in 

Figure 1, c1 and c5 are the salt concentrations of the FS and DS, respectively; c2 and c4 

are the salt concentrations at the FS–support layer and the DS–active layer interfaces, 

respectively; and c3 is the salt concentration at the interface between the active and 

support layers. ECP causes c2 and c4, which are smaller than c1 and c4, respectively, while 

ICP causes c3, which is smaller than c2.  
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Figure 1. Concentration profile across PRO membrane  

 

The water flux can be expressed as Equation (1). 

 

)()( ΔPππAΔPπ ΔAJ 34effw      (1) 

 

Where, Jw is water flux, A is the water permeability coefficient of the membrane, eff is 

the effective osmotic pressure differential, P is the hydraulic pressure differential, and 

i is the osmotic pressure driven by the concentration, ci. The following procedure to 

obtaine the water flux using ICP and ECP theory is well described in our previous work 

[6]. 

 

2.2 Scale-up of the PRO model 

 

A full-scale membrane process model generally accounts for changes in the operation 

parameters (e.g., flow rates, pressures, and concentrations) along the channel inside the 

membrane module [8-11]. Instead of calculating all the parameters as functions of 

longitudinal position, the length-averaged parameters are estimated based on mass 

balance in a full-scale PRO system (Figure 2) for simplicity in this work. 

 

Water and solute mass balances on the DS and FS sides are described as: 

 

ddmwd QAJQ         (2) 
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ddmsdd QCAJQC dd－       (3) 

 

fmwc + QAJQ         (4) 

 

cmsfc QCAJQC c－        (5) 

 

Where, Q, C, J, and Am are flow rate, salt concentration, flux, and membrane area, 

respectively; and the subscripts d, w, dd, c, and f are DS, water, diluted DS, concentrate, 

and FS, respectively.  

 

In order to account for ICP and ECP in a full-scale PRO, the model boundary conditions 

in Figure 1 should be expressed with the operation parameters in Figure 2 such as: 

 

2

ddd

5

CC
c


        

 (6) 

 

2

cf

1

CC
c


         (7) 

 

22

out f,in f,out d,in d, PPPP
P


 －      (8) 

 

   ddddd wHQQU 2/       (9) 

 

   fcff wHQQU 2/       (10) 

 

Where, U, , w, and H are crossflow velocity, spacer porosity, channel width, and channel 

height, respectively; and the subscripts in and out are input and output, respectively. 
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Figure 2. Schematic of a full-scale PRO process 

 

2.3 Net energy analysis 

 

In a full-scale PRO process such as Figure 2, the three pumps (DS, FS, and booster 

pumps) consume energy and the hydro-turbine produces energy. The power produced or 

consumed by these hydraulic devices can be expressed as the product of pressure and 

flow rate. Thus, the net power (Wnet) produced from a full-scale PRO process can be 

expressed as: 
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bfdht WWWWW net       (11) 

 

gtpoutdht QPW ,        (12) 

 

)/( ,, dmdpddd QPW        (13) 

 

)/( ,, fmfpfff QPW        (14) 

 

)/( ,, bmbpdbb QPW        (15) 

 

Where, W is the power produced or consumed by a hydraulic device; t, g, p, and m 

are the efficiencies of turbines, generators, pumps, and motors; and the subscripts ht, d, 

f, and b represent the hydro-turbine, DS supply pump, FS supply pump, and booster 

pump, respectively. In general, the efficiency of a hydraulic device is a function of the 

capacity of the device and the efficiencies becomes higher at larger capacities [12, 13]. 

The efficiencies of the DS, FS, and booster pump can be provided by Power model 

(Energy Recovery, Inc) by inputting a flow rate and pressure for a pump [14]. 

 

3 Results and discussions 

 

Figure 3 shows membrane power density (MPD) in a typical hydrodynamic condition 

(DS inlet velocity = 0.035 m/s, FS inlet velocity = 0.076 m/s). MPD in the full-scale PRO 

is smaller than that in the lab-scale PRO because of the scale-up effect, which means that 

DS is diluted and FS is concentrated while both solutions flow through each channel. 

 

 
Figure 3. Membrane power density 
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If a realistic efficiency of a hydro-turbine is considered, the power density gained by the 

full-scale PRO should be decreased as shown in Figure 3, where the efficiencies of 

turbine (t) and generator (g) are assumed to be 0.87 and 0.98, respectively. 

 

Figure 4 shows power consumed by the DS pump and power loss from the ERD and 

channels in the same operation condition as Figure 3. The power consumption of the DS 

pump remains constant because a constant inlet pressure is assumed. Power loss in the 

ERD increases at higher DS inlet pressures because a constant ratio of output pressure to 

input pressure of the ERD is assumed for the simulation. According to Equations (1) and 

(8), water flux in PRO decreases as DS inlet pressure increases. Thus, power loss from 

the FS channel pressure drop increases at higher DS inlet pressures because the crossflow 

velocity in the FS channel increases due to the decreased water flux. If water flux 

decreases, the diluted DS flow rate decreases and the crossflow velocity in the DS channel 

decreases. This is the reason why power loss from the DS channel pressure drop decreases 

at higher DS inlet pressure as shown in Figure 4. 

 

 
Figure 4. Power loss due to inefficient hydraulic devices and pressure drop 

 

Figure 5 shows the net specific energy (NSE) produced from a full-scale PRO system 

under a typical hydrodynamic condition (Qd = 50 m3/d per module, Qf = 55 m3/d per 

module, Pd,in = 15 bar). The plant capacity is defined as the sum of DS and FS inlet flow 

rates, and it is controlled by changing the number of PRO modules. The efficiencies of 

hydraulic devices (pumps and ERD) are obtained using Power model [14] and real ERD 

products (e.g., Pressure Exchanger, Energy Recovery, Inc.) are considered for the 

simulation. The efficiencies increase at larger plant capacities. For example, the smallest 

PRO system in Figure 5 uses pumps with efficiencies of 47–52 % and motors with 

efficiencies of 86–90%, while the largest system uses pumps with efficiencies of 88–89% 

and motors with efficiencies of 95–96%. In the case of the hydro-turbine, the efficiencies 

of the turbine and generator are assumed to be the same as those of the pump and motor. 

Since the efficiencies of hydraulic devices increases at larger plant capacities, the NSE 

increases as the plant capacity increases as shown in Fig. 5. The highest net energy 
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obtained from a full-scale PRO using seawater is 36.8 Wh/m3 with 100,000 m3/d of plant 

capacity, and the critical plant capacity to obtain the positive NSE is around 1,000 m3/d. 

 

 
Figure 5. Net specific energy produced from a full-scale PRO system as a function of 

plant capacity 

 

4 Conclusion 

 

The ideal power potential of the osmotic gradient between seawater and fresh water is up 

to 4 W/m2 with PRO membranes currently available under a realistic hydraulic condition. 

However, the actual power available from the PRO process using seawater and fresh 

water becomes much smaller than expected, and sometimes falls in the negative region. 

The scale-up effect (e.g., diluted DS and concentrated FS) and the inefficiency of 

hydraulic devices (e.g., pumps and ERDs) are found to be responsible for this discrepancy 

between the ideal and actual power potentials. The full-scale PRO simulation results 

reveal that we can obtain energy up to 36.8 Wh/m3 from seawater using the full-scale 

PRO system over 1,000 m3/d. Unfortunately, if the energy consumption for pretreating 

DS and FS (generally estimated around 200 Wh/m3) is considered, it can be concluded 

that a full-scale PRO system cannot derive energy from the ocean.  
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Abstract Increasing awareness of Climate Change and the rising price of 

fossil fuels have resulted in a rapid growth in demand for various types of 

renewable energy, including tidal energy. To date only a few small scale 

tidal schemes are in operation worldwide. One of the most attractive sites 

for the deployment of tidal range schemes is along the UK Bristol Channel 

and Severn Estuary. This region experiences the second largest tidal range 

in the world, often exceeding 10 m in the basin. This paper investigates the 

impacts of the proposed tidal lagoon in Swansea Bay. Previous studies have 

highlighted the potential significance of momentum conservation when 

modelling the outflowing jet from the turbines. Therefore, this study 

focuses on accurate representation of the turbines and maintaining 

momentum conservation. Here a finite difference method was used for the 

hydraulic simulations, and the momentum associated with the flow through 

the turbines was represented as an additional term in the momentum 

equation. Simulations were performed both in 2D and 3D. A noticeable 

difference was observed in the velocity profile predicted by the two models 

in close proximity to the turbines, highlighting the importance of 

implementing a more detailed 3D model. 
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1 Introduction 

 

The demand for renewable energy is developing rapidly. Although there is an increased 

interest in harvesting tidal power, only a few small-scale working tidal power plants are 

currently in operation world-wide. Places where tidal energy has the most potential are 

areas with a large tidal range, i.e. where the difference between low and high water levels 

is large enough to create a sufficient head difference to produce energy. One such place 

is in the Bristol Channel and Severn Estuary in the UK, where there is an exceptional 

tidal range, particularly in the Severn Estuary. 

 

Swansea Bay is one of the most attractive sites for the deployment of a tidal range pilot 

study. The Swansea Bay tidal lagoon project recently received a backing from Charles 

Hendry’s independent review [1] confirming its viability and paving the way towards the 

construction of the first tidal energy project in the estuary in the very near future. Other 

similar tidal schemes can be expected to follow. 

 

The study area is situated on the southern coast of Wales and is located in the Bristol 

Channel (Figure 1). Together with the Severn Estuary, this body of water experiences the 

second largest tidal range in the world, often exceeding 10 m during spring tides. 

Although relatively small in scale, Swansea Bay Lagoon will become the largest tidal 

range power plant ever constructed. With an installed capacity of 320 MW it would 

overtake the tidal barrages at La Rance in France and Sihwa in South Korea, with installed 

capacities of 240 MW and 254 MW respectively [1].  

 

 
Figure 1. Computational domain overlaid over the Severn Estuary and Bristol Channel. 

 

This study focuses on the correct representation of the tidal lagoon in a hydrodynamic 

model. The model Delft3D-FLOW was used for solving the hydrodynamic equations, 

with modifications made to the source code to allow for correct mass and momentum 

conservation of the discharge through the turbines and sluices gates. Both the 2D shallow 
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water and 3D Navier-Stokes simulations were refined and studies, illustrating the 

importance of detailed modelling of complex flows in the vicinity of turbines. 

 

2 Methodology 

 

2.1 Governing equations 

 

This study employed both the 2D shallow water equations and the 3D sigma-layer 

equations. In the 2D case a depth averaged approach is used and the continuity equation 

is solved, together with the two momentum equations (1) and (2) in the horizontal plane. 

For a 3D simulation a third momentum equation (3) is added in the vertical direction. 
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where u, v and ω are the flow velocities in ξ, η and σ direction respectively, w is the fluid 

velocity in the z direction, fu and fv are the Coriolis parameters, νV is the vertical eddy 

viscosity, Pξ and Pη are the pressure gradients, forces Fξ and Fη represent the imbalance 

of the horizontal Reynold’s stresses, Mξ and Mη represent the contributions due to external 

sources or sinks of momentum and √Gξξ and √Gηη are used for transformation of the 

coordinate system. 

 

 
Figure 2. Definition of water level (ς), depth (d) and total depth (H) for the sigma-

model [2]. 
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The contribution of the discharge through turbines and sluice gates is represented by the 

terms Mξ and Mη in the momentum equations and is implemented in a similar way as for 

the momentum sink terms in [3]. 

 

The domain of a 3D model is divided into many layers (planes), which are not strictly 

horizontal but follow the shape of the bottom topography and free surface. Instead of a 

fixed layer depth, the sigma-layers are characterized by the proportion of the total depth 

(Figure 3). 

 

 
Figure 3. Example of the sigma grid. 

 

The simulations were conducted using the Delft3D-FLOW, a hydrodynamic module of 

the Delft3D software suite, developed by Deltares in the Netherlands. A curvilinear 

staggered grid is used for the discretization of the partial differential equations which are 

solved using a finite difference altering direction implicit (ADI) solver to provide a 

second order accurate solution of the equations [2]. 

 

2.2 Modification of turbines and sluice gates 

 

The open source aspect of the Delft3D suite is an important advantage as it allows the 

user to modify the code to better fit the requirements of an individual study. In the 

simulations presented herein the code was modified to represent the operation of tidal 

range structures (TRS) by including turbines and sluice gates. They are both represented 

as culverts, however the discharge between the inlet and outfall is calculated differently 

for each of the structures. With turbines the discharge is calculated from a “Hill chart” 

(Figure 4), whereas a standard orifice equation (Eq. 4) is used for the sluice gates. 

 

𝑄 = 𝑐𝑑𝐴√2𝑔𝐻        (4) 

 

Furthermore, the code was modified to simulate the operation of the lagoon based on the 

head difference of the water surface levels upstream and downstream of the lagoon. A 
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discharge through the turbines is only allowed when the head difference exceeds the 

driving head of the turbines. If the head falls below the minimal efficient head then the 

turbines are stopped and sluicing is initiated. Once the water levels on both sides are 

nearly equal, i.e. the head difference falls close to zero, then both the turbines and sluice 

gates are closed. 

 

 
Figure 4. Hill chart for a "bulb" turbine used in the study. 

 

2.3 Swansea Bay Lagoon Model 

 

The idea for a tidal lagoon in Swansea Bay has been around for more than a decade. In 

this period there have been numerous project proposals with different lagoon layouts and 

turbine capacities. In 2015 a project by Tidal Lagoon Plc received a development consent 

order (DCO) from the UK government [1]. Their most current scheme proposes a 9.5 km 

long embankment that would form an impoundment with a surface area of 11.5 km2 [4]. 

The potential installed capacity of 320 MW would be achieved through a set of sixteen 

bulb turbines, each with a diameter of 7.35 m and an output power of 20 MW. The same 

characteristics are also being used in other recent studies, such as Ref. [5]–[7]. A total 

sluice gate area of 800 m2 is assumed. 

 

The extent of the model domain is shown in Figure 1. The computational grid covers the 

Bristol Chanel and Severn Estuary. The size of the computational cells range from more 

than 400 m at the seaward boundary, to 100 m in the areas around the lagoon. The open 

boundary, located at the entrance to the Bristol Chanel, stretches from Heartland Point in 

south west England, to the southwest tip of Pembrokeshire in Wales. The model was 

validated against the ADCP measurements during a typical 14 day neap-spring tidal 

cycle, from 25/7/2012 to 7/8/2012. 
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For simplicity, validation results are shown only for one of the observation points, located 

in Swansea Bay and in the vicinity of the lagoon (Figures 5 and 6). The whole domain 

has been validated in a similar manner and the same level of agreement between both sets 

of predicted and measured results was observed throughout the domain. 

 

 
Figure 5. Calibration - velocity vectors, showing the magnitude and direction of the 

flow. 

 

 
Figure 6. Calibration – comparison of calculated and measured water levels. 
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3 Results And Discussion 

 

3.1 Operation of the lagoon 

 

The operation of the lagoon can be illustrated with a time series of water levels observed 

on the inside and outside of the lagoon. Figure 7 shows a 24-hour period during a typical 

spring tide. The model was set up for “two-way” operation, where energy is generated 

during both ebb and flood tides. Taking into account the trigger conditions explained in 

section 2.2, the operation sequence of the lagoon can be split into six distinctive phases 

[6]: 

 

a) Holding high water – water outside is receding and inside retained at high level, 

turbines are closed; 

b) Generating – ebb flow, turn on the turbines when sufficient head difference is 

established, water surface level both outside and inside is falling 

c) Releasing – when the head difference falls below minimal head stop generating, open 

sluice gates 

d) Holding low water – water outside is rising, inside retained at low level, turbines are 

closed 

e) Generating – flood flow, turn on the turbines when sufficient head difference is 

established, water surface level both outside and inside is rising 

f) Filling – when the head difference falls below minimal head stop generating, open 

sluice gates 

 

 
Figure 7. Lagoon operation and water levels downstream and upstream of the turbines 

during a typical spring cycle. 
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3.2 Velocities – turbine wake 

 

The velocities illustrated in Figures 8a and 8b correspond to the maximum turbine flow 

rate during ebb generation, for the 2D and 3D models respectively. The contour plots, 

overlain with velocity vectors, enable both the magnitude and direction of the flow to be 

observed. For better comparisons, the magnitude of the 2D results was subtracted from 

the 3D results and plotted on Figure 8c. 

 

 
a) 2D, depth av. velocity (m/s) 

 
b) 3D, depth av. velocity (m/s) 
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c) 3D vs 2D, magnitude (m/s) 

 

Figure 8. Turbine wakes: a) 2D, depth averaged results; b) 3D results, subsequently 

depth averaged for comparison; c) difference in the magnitude between the two. 

 

The results illustrate that a 3D model is preferable for simulating complex velocity fields, 

such as those occurring in turbine wakes. Although both models predict a wake of similar 

length, there are several distinct differences that can be observed. For instance, the wake 

spreads over a wider distance with the 3D simulations, while the 2D run predicts a 

narrower jet. This can be clearly seen in Figure 8c where the solid and “dash-dot” lines 

present the 1 m/s contour for the 2D and 3D results respectively. 

 

The formation of a counter-rotating recirculation zone can be spotted adjacent to the 

turbine wake. It is formed due to the positioning of the turbines in a relatively narrow 

section of the lagoon. The 2D simulation shows slightly higher velocities in the 

recirculation zone, which is consistent with the findings from [8], where 2D models 

showed a considerable increase in the prediction of the velocity in the recirculation zone 

caused by flows around headlands. 

 

3.3 Velocity profiles 

 

The turbines and sluice gates are fully submerged under water. The vertical elevation of 

their intakes and outfalls was assumed to be at 7m below ordnance datum. This detail has 

no effect on the 2D depth averaged model, as any discharge added to the computation is 

evenly distributed over the height of the computational cell. However, it has a significant 
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effect in the 3D model, where the discharge can be concentrated in a single vertical layer 

and thus more accurately representing the complexity of the out coming jet. 

 

It can be seen that the layer where the turbine outfall is located has a considerably higher 

velocity than others. Consequentially, the average of the velocities of the five layers 

becomes relatively higher than the depth averaged velocity obtained from the 2D model. 

The discrepancy between the two sets of results can lead to unrealistic predictions of the 

bottom shear stress, which can therefore have a significant impact on bed load transport. 

 

 
Figure 9 illustrates the difference between the depth averaged and 3D approaches. 

 

4 Conclusions 

 

In this paper, 2D and 3D hydraulic numerical models for Swansea Bay lagoon were 

compared and the instantaneous velocity field during the power generation of the lagoon 

was investigated. The results show the advantages of a 3D model when simulating 

complex flows, such as those generated through turbine wakes. A distinctive recirculation 

zone was observed as a result of the high velocity jet. The 2D model slightly over 

predicted the intensity of the recirculation zone, which is consistent with the findings 

from the literature. 

 

In the current study a 3D model with 5 vertical layers was used. For future studies a 3D 

model with a larger number of layers will be considered, with thinner layers at the bottom, 

to better capture the complex flow patterns during the generation phases. 
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