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Executive Summary

The desalination industry has grown exponentially the last four decades as countries seek
solutions to water scarcity caused by population growth, climate change, pollution and
industrial development. All source water types included, reverse osmosis is the prevalent
desalination process, accounting for more than half of the global capacity. However, reverse
osmosis desalination is an energy intensive process. The energy demand and, hence, the
cost of reverse osmosis systems can be significantly reduced by using energy recovery. In
addition, renewable energy is incorporated at newly developed systems aiming at reducing
the environmental impact of the process.

In the context of this thesis, an efficient energy recovery concept for a small-scale
autonomous renewable-driven reverse osmosis desalination system is designed. First, the
energy recovery technologies currently available on the market and their characteristics
have been identified. Taking into account the constraints defined by the examined
desalination system, five energy recovery designs have been suggested. The proposed
energy recovery concepts are Pelton-driven generator with centrifugal pump or piston
pump, Pelton-driven centrifugal pump or piston pump with gearbox, optimized pressure
exchanger with two combined double acting cylinders, optimized pressure exchanger with
three combined double acting cylinders and APM-driven piston pump. Their evaluation was
based on energy efficiency, power and pressure requirements, energy autonomy,
operational stability, cost effectiveness and manufacturing complexity for the examined
operating range and revealed that the optimised pressure exchanger with two combined
double-acting cylinders is the most applicable energy recovery concept for the examined
desalination system.

In order to deliver the required power output, the optimised pressure exchanger with two
combined double-acting cylinders is scaled accordingly for the examined flow rates. In
addition, the proposed switching mechanism of the energy recovery device (ERD) involves
the use the feed stream through grooves within the rod and the centre block of the ERD in
order to direct the brine stream to the required cylinder.

In more detail, the optimised pressure exchanger with two combined double-acting
cylinders is the most efficient energy recovery concept, for both brackish and seawater
desalination and for all examined flow rates, delivering significantly high for all cases of the
examined operational range.

As a result of the high efficiency provided, the optimised pressure exchanger with two
combined double-acting cylinders requires the lowest inlet feed pressure for both brackish
and seawater desalination and all examined flow rates among the suggested ERDs.

In terms of energy autonomy, pressure exchangers rely on the principle of positive
displacement and therefore provide constant recovery ratio and do not require additional
energy. However, additional power supply may be required in order to control electronically
the switching of the ERD in case the suggested mechanical switching proves to be inefficient.
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Regarding the operational stability, the recovery ratio is fixed, the operation of the ERD is
self-regulated and only in case leakage or switching problems occur external steering of the
operation and, hence, additional power supply may be needed.

Due to the scale up of the optimised pressure exchanger with two combined double-acting
cylinders required for high feed flow rates its price exceeds the price of the other ERDs,
especially for seawater desalination, while for brackish water desalination and especially for
low flow rate it remains competitive. Finally, the optimised pressure exchangers require the
manufacturing and assembly of resized components which may be more complex and time
consuming than the assembly of the main components required for the other ERDs.

viii



Table of Contents

EXECULIVE SUMIMAIY . s e s e e e n e s e e s sees e anannnnnnnnnnnnnnnnnnnnnn vii
N [ o1 oo [¥ ot i [o ] DS TOP ST PRPOPPTOTRPRT 1
1.1.  ReSEArCh ODJECLIVE ....uviiiiiie e e e e e e e e e s e earaae e e e e e e enanns 3

2. Theoretical BackgBroUNd.........ccciiiiiiiiiee e e st e e e e bae e e e snrreeeeans 5
2.1, WaAter SAliNILY coeeeeiiee e e e e e e e e e e e ara e e e aaees 5
2.2.  Reverse Osmosis Desalination ProCess .......coceevveereerieeieeieeneeseenee et 5
2.3, ENErgY rECOVEINY PrOCESS..ccci i i e e e e ettt e e e e e e e e e e e ean 7

3. Energy recovery teChNOIOGIES .....cciii i e e 9
3.1. Centrifugal Energy RECOVEIY DEVICES .....cciiiiiicciiiieiie ettt e ettt e e e ee e 9
3.1.1. Hydraulic to mechanical-assisted pUMPINgG........coeviieiiiiiiiei e 9
3.1.2. Hydraulically driven pumping in SEries........cceecviieiiiieeeeciee e 13

3.2, Pressure EXCHangers ...ttt et e et e e e enta e e e e baeeeeans 16
3.2.1. Piston Isobaric Energy Recovery DEVICES ........cueeeeeeciiiieieeeeeeeciieeeeeeeeeecvnneneas 16
3.2.1.1. Pressure exchangers with a single double-acting cylinder..................... 17
3.2.1.2. Pressure exchangers with two combined double-acting cylinders......... 17
3.2.1.3. Pressure exchangers with three double-acting cylinders ....................... 21
3.2.1.4. Pressure exchangers with two valve controlled cylinders ...................... 22

3.2.2. Rotary Isobaric Energy Recovery DeVICE .......ccccuveeeiiieeeeciiee e 24

3.3.  Inverse positive displacement pUMP.......coeeii i 27
N 0o o o1 o = = LAY =I oYL= V7 (=Y A 28
4. Compatibility with desalination system constraints ........cccccceeeiecieeeicciee e 31
I VS (<Y o o I = To [ UL =] 0 =T | £ PP PPPRRPRRRPRPRRRPRRt 31
4.2, ERDS SEIECTION .eoueeiiiiiiieeie ettt st sttt bbb 31
5. Evaluation of energy recovery CONCEPLS ..uuuiiiiiiiiciiiiiiee ettt et e e et arrae e 33
5.1.  Pelton-driven ENErators ...ttt e et e e e e e crree e e e e e e e e e e nnnee s 34
5.1.1. Energy effiCienCy . e 34
5.1.1.1. Pelton tUIDINE.....oiieeee e 35
5.1.1.1.1.  Nozzle effiCienCy...cccueeiicieee ettt 35
5.1.1.1.2.  RUNNer effiCienCy...ccueiiiciiie ettt 39
5.1.1.1.3. Mechanical efficienCy.....cccceieecciiiiiieee e 40
5.1.1.1.4. Overall effiCciency....cccccuviiiiiiieeeceee e 40

5.1.1.2. 1Y o] o PO 42



5.1.1.3. [CT=T =T - o PP PF PRI 42
5.1.1.4. P UMD e 43
5.1.1.5. GRAMDOX .t 46
5.1.1.6. Overall effiCiENCY c.uuvii i e 47
5.1.2. Power and pressure reqUIr€mMENtS.......cccccueeeeceieeeeiiieeeecireeeeeiee e e eree e esveee s 48
5.1.2.1. Pelton tUrbINe....c..eeieie e e 48
5.1.2.2. [CT=T =T - o PRSP PR PRI 50
5.1.2.3. 1Y 0] o | PR 51
5.1.2.4. P UM e 51
5.1.3. oL ¢ <AV [0 1 (o1 3 o] 1 1 VN PPN 55
5.1.4. Operational stability .......cccocouiieieiiieee e 55
5.1.5. (0101 A= [0 =1 V] 1SR 55
5.1.6. Manufacturing ComMPIeXity .......ccvveeeeeii e 56
5.2, Pelton-adriVeN PUMP. ..o ciiec ettt ettt eertre e e e cte e e e e bre e e senbaee e e entaeeeenraneenans 56
5.2.1. ENergy effiCieNCY..ccc e 56
5.2.2. Power and pressure reqUIr€mMENtS.......eccccuueeeecceieeeeiiieeeecireeeeriee e e sre e e esveee s 58
5.2.3. g LT <AV 101 (o] o] o Y/ 62
5.2.4. Operation Stability ... 62
5.2.5. (010 T A= [0 =1 V] 1SR 62
5.2.6. Manufacturing COMPIEXITY ...ccecvieeeeiiieee e e 63
5.3.  Pressure exchangers with two combined double-acting cylinders............ccuuc..... 63
5.3.1. ENergy effiCieNCY..ccc e 63
5.3.2. Power and pressure reqUIr€MENES.......ccccccuviieeeeeeeeciiieeee e e eeecirreee e e e e e eearneeenes 74
5.3.3. g T=T ¢ =4V [0 L (o] o] o Y/ 77
5.3.4. Operation Stability ... 77
5.3.5. (0o 1y d= 1o =1 V2] £ USRS 78
5.3.6. Manufacturing COMPIEXITY ...ccccvieeieiiieie e e e e 78
5.4.  Pressure exchangers with three combined double-acting cylinders ...................... 78
5.4.1. Energy effiCienCy . e 79
5.4.2. Power and pressure reqUIr€mMENtS.......cucccciiieeeeeeeeeciiieeee e e eeeirreee e e e s eesarnnee e 85
5.4.3. gL <A VA= 101 (o] o] o Y/ 88
5.4.4. Operation Stability.......cceeiiciiie e 88
5.4.5. (0o 1 AT o =1 V2] USSR 89
5.4.6. Manufacturing CoOmMPIeXity .......ccuvveeeeeiiee e e e 89



5.5. Inverse positive displacement pUMP.......ccceeii i 89

5.5.1. ENergy effiCienCy e 90
5.5.2. Power and pressure reqUIr€mMENtS........ccccuuveeeccieeeeciieeeerireeeeiee e e seeeeesveee s 93
5.5.3. ENErgy aULONOMY ooiiiiiiiiiiiccccccccecrcee e e e e e 95
5.5.4. Operation Stability .......cceeiiiiiie e 95
5.5.5. (0101 A= 0 =1 V] 1SR 96
5.5.6. Manufacturing ComMPIeXity .......ccuvveeeeeii e s 96

6. Selection of energy reCoOVEry CONCEPL......uueiiiieiieiiiiieee ettt e e e e e e e rarraae e e e 97
6.1.  ENergy effiCiENCY .oocueei et bae e 97
6.1.1. PeltoNn-driven GENEIAtOr .......ccccuiii ettt e ee e 97
6.1.2. o] Be [ V7Y o T o TUT o o o S 99
6.1.3. Pressure exchanger with two combined double-acting cylinders ................ 100
6.1.4. Pressure exchanger with three double-acting cylinders........cccccceeeerinnnnneen. 101
6.1.5. Inverse positive displacement pUMP......ccveieiiiiee e e 102
6.1.6. (60e] 2] oI 1Yo o FH PP PPPPPRORPRRRRRRRPRIRt 102

6.2.  Pressure reqUIrEMENTS ...t ee e e e e e e ee e 103
6.2.1. Pelton-driven GeNerator ... 103
6.2.2. Pelton-driven PUMP......uiiiie et e et e e e e e e e e anrees 104
6.2.3. Pressure exchanger with two combined double-acting cylinders ................ 105
6.2.4. Pressure exchanger with three double-acting cylinders........cccvveeevieeenneee. 106
6.2.5. Inverse positive displacement PUMP......ccveieiiciee e 107

6.3, ENEIZY QUIONOMY iiiiiiiiiiiiiiiiiccccc e ee e e e e e e e e eeeeees 107
6.4.  Operational stability .......cccuriiiiiieee e 107
Lo T O 1) - [ 0 =1 1V 13RS 108
6.6.  Manufacturing COMPIEXILY ...eeeeeiiiieiiiieeeiee e e e e ereees 108
6.7. Proposed energy reCoOVEry CONCEPL.....cciiuiieieiirieeeiiieeeeereeeerbreeesareeeesraeeeesnreeas 108

7. CONCIUSIONS . ...ttt ettt ettt b e st st st st st et e e b e e beesbeenneennees 111
8. RECOMMENAATIONS. ..ttt ettt ettt et e sbeesaeesaeesmeesmees 115
1S TR AV oo 1T o T | SRR 117
10. REFEIENCES ...t et e s b e s ne e e naee s 119

Xi



List of Figures

Figure 1: Projected growth of the desalination market in million cubic meters per day
(including seawater, brackish water, river water, wastewater, brine, and pure water

desalination processes) oMo et al 20a0) ettt ettt eeeae 1
Figure 2: Global desalination capacities in cubic meters per day @femanetal, 20000 ... 2
Figure 3: Operation costs in US$ of reverse osmosis (RO) desalination process (=ttemann et al.
2] ettt ettt ettt r et ee et e e et en et e en et eeee e e en e eeeneees 2
Figure 4: Osmosis and Reverse OSMOSIS PrOCESS .......ccccuueeeeiiieeeeriiieeeeiieeeeeteeeeesnteeeesesveeeeennnns 5
Figure 5: Spiral wound element deSiSN ........ccociceciiiiiii i 6
Figure 6: Reverse OSmosis SChEMALIC .......ueiiiiiiieiiiiiiie e 6
Figure 7: RO desalination SYSTEM ......cccccuiiiiiiiiie ettt et ee e e ebae e e e ata e e e 7
Figure 8: RO desalination system including turbine-driven shaft assist mechanism................ 9
Figure 9: Francis turbine with generator Co s 0L et e e eeeeen 10
Figure 10: Horizontal axis Francis tUrbine ..........coocvviiiiciiii i 10
Figure 11: Pelton turbing runner 0 2000 ettt et eene e e eeseenees 12
Figure 12: Calder Energy Recovery Turbine (0 2003 et eeen 13
Figure 13: RO desalination system including hydraulically driven pumping in series............. 13
Figure 14: ERI LPT TurboCharger models and capacities T 2% ..o 14
Figure 15: ERI AT TUFDOCNArGEr TR 2003 ettt ettt ee e ee e eneenees 14
Figure 16: FEDCO Hydraulic Pressure Booster (HPB) PO 2013) o eeeeeeeeeeeeeeeeeees 15
Figure 17: Grundfos BMET booster module (Grundfos A/S, 2013)......ccocveeeeeeeceeecireeeereeenenn 16

Figure 18: System configuration including the BMET booster module (Grundfos A/S, 2013) 16
Figure 19: configuration including the pressure exchanger with a single double-acting

o1V 112 Vo L= USSR 17
Figure 20: PowerSurvivor 40E and 80E, developed by Katadyn *@@®™ 2083 @ 17
Figure 21: System configuration including the pressure exchanger with two combined
Lo [T o] [SRF- Tox a1 ¥ =d otV [ o Vo 1T o3 SRS 18
Figure 22: RO desalination system configuration including Spectra Clark Pump (Spectra Watermakers,
Inc, 2013)

....................................................................................................................................... 18
Figure 23: Spectra Clark Pump Intensifier (SPectraWatermakers, Inc, 2003) @ eeeeeeeeereeeenes 19
Figure 24: A schematic view of the relevant forces, pressures and surfaces of the Spectra
Clark Pump (Spectra Watermakers, Inc, 2013) 19
Figure 25: Schenker Energy Recovery System shown as part of the ‘smart watermaker’ RO
desalination system developed by Schenker S e 2012) e 20

Figure 26: ST-08-PRO Pump and WATER-PRO system scheme developed by Eco-Sistems

Watermakers (o0 S W ers S L 2013) oo e eeeeesereres e e e e e e e aene 20

Figure 27: EfficientSea Energy Transfer Device developed by Sea Recovery (°¢2 Recovery Corp., 2013)

................................................................................................................................................. 21
Figure 28: Modified Clark Pump RO desalination system (BemmudezContreras, etal, 2009) | 21
Figure 29: System configuration including the pressure exchanger with three combined
(o Lo 10| o] LR Toi d 1o Y=ol [T o [T SR RR 21
Figure 30: Spectra Pearson Pump scheme for one cylinder (SPectra Watermakers, Inc, 2013) 22
Figure 31: Spectra Pearson Pump (Pectra Watermakers, Inc, 2003) e eeeeee e e reeee e eeee s 22

xii



Figure 32: System configuration including the pressure exchangers with two valve controlled

LorY] T To 1T SRR 23

Figure 33: Dual Work Exchanger Energy Recovery (DWEER) developed by Calder (%" 2023 23

(Aqualyng, 2009)

Figure 34: Aqualyng Recuperator o S e 24
Figure 35: KSB Pressure Exchanger SalTec DT K8 2003 et 24
Figure 36: System configuration including the rotary isobaric energy recovery device......... 25
Figure 37: PX S Series Pressure Exchanger developed by Energy Recovery Inc. Fv20%3 25
Figure 38: Grundfos X-Changer with two energy recovery units (Grundfos A/S, 2013) ......... 26
Figure 39: Danfoss iSave o oss 2003 et e et et eeeee e ee et eer s 27
Figure 40: Axial Piston Pump developed by Danfoss P20 2013) e 27

Figure 41: System configuration including Seawater pump with energy recovery device ®*"s*
2013)

........................................................................................................................................... 28
Figure 42: SWPE developed by Danfoss Pom0ss 2003 ettt ee e eneaees 28
Figure 43: Pelton-driven generator connected to motorised pump.......cccceecvveeeeiiieeeecieeeens 34

Figure 44: Relative and absolute velocities of the flow ejected onto each blade of the Pelton

wheel (only one half of the emergent velocity diagram is shown) ™20 v, 35
Figure 45: Diameter ratio A as a function of inlet velocity ¢, for different values of brine
[T LY U =l aT=T- [ I o T USRS 37
Figure 46: REQUIrEd NOZZIE ......uuviiiiei ettt ecree e e e e e et ree e e e e ee e e e e s enbnaaeeeeeeesnnes 38
Figure 47: Runner efficiency nR as a function of blade speed-jet speed ratio v..................... 40
Figure 48: Overall efficiency ng as a function of blade speed-jet speed ratiov........ccc........... 41

Figure 49: Performance curve, efficiency curve and power curve of multistage centrifugal
(Duijvelaar Pompen, 2013)

0181 121« e T T T 44
Figure 50: Performance curve of piston pump (Crmos A/s 208) et eeee e 45
Figure 51: Efficiency of Pelton-driven generator with CP and PP respectively for selected flow
FATES (RRZ208) cooeeeeeiiiieiee ettt ee ettt e e e e eeet e e e e e eeettbareeeeeeessbsasbraseesesesansssseseeesennnsnes 48
Figure 52: Efficiency of Pelton-driven generator with CP and PP respectively for selected flow
L T R 0 RS 48
Figure 53: Rotational speed for the selected values of pump outlet pressure...........c......... 50
Figure 54: Inlet feed pressure for Pelton-driven generator with CP and PP (RR=20%) .......... 53
Figure 55: Inlet feed pressure for Pelton-driven generator with CP and PP (RR=20%) .......... 53
Figure 56: Power ratio Prec/Pout for Pelton-driven generator with CP and PP (RR=20%)..... 54
Figure 57: Power ratio Prec/Pout for Pelton-driven generator with CP and PP (RR=40%)..... 55
Figure 58: Pelton-driven pump With 88arboX ........c.cceevciiiiiiiiieccciee e 56
Figure 59: Efficiency of Pelton-driven CP and PP respectively for selected flow rates
(RRZ20%6) .ottt e e e e aen et ees s e s eees e eseseseseeseseesen e ssessesesesneees 57
Figure 60: Efficiency of Pelton-driven CP and PP respectively for selected flow rates
(RRZZ06) ..veeeneieeiieeeiee ettt st e stee s e stte e stteesbe e s bteesabeesabeesabaessateesabeesassaeessseesateesnbaesnsseesaseesnses 58
Figure 61: Inlet feed pressure for Pelton-driven CP and PP (RR=20%) ........cccveecveeevrveerrveennnen. 59
Figure 62: Inlet feed pressure for Pelton-driven CP and PP (RR=40%) .........cccceeeevrreeercrveeennn. 60
Figure 63: Power ratio Prec/Pout for Pelton-driven generator with CP and PP (20%)........... 61
Figure 64: Power ratio Prec/Pout for Pelton-driven generator with CP and PP (40%)........... 62
Figure 65: Pressure exchanger with two combined double-acting cylinders ..........cccccuuve... 63

Figure 66: ERD friction losses as a function of feed flow for different salt concentrations
(Snieder, et al., 2013) 64

xiii



Figure 67: Feed pressure as a function of feed flow SMeden etal2003) @ eeeeeeeeeeees 64

Figure 68: Ratio of friction losses and feed pressure as a function of feed flow (Smede" et 2l 2013)

................................................................................................................................................. 65
Figure 69: Pressure losses due to friction Aps, as function of feed flow rate Qs ........cee........ 65
Figure 70: Relation between the inner diameter din and the thickness t of the o-rings ....... 68
Figure 71: O-ring diMENSIONS ....cccccuiieiiiiiiee e ecieeeeeciee e ee e e setee e e sette e e eeabree e sentstaeeessteeessnsaeeesnns 68
Figure 72: Scale factor of the tubing and the pistons of the ERD and total pressure losses
(RRZ206) .vteeneieeireesiee sttt esiteesiteesstee s estteesateesbe e s baeesabeesabeessbaeesaseesabaesansaeessseesasaesnsaesnsseesaseesnses 70
Figure 73: Scale factor of the tubing and the pistons of the ERD and total pressure losses
APDIT (RRZA06) ..ottt ettt ettt ettt ettt et e s b e s bt e she e she e satesatesattesabeeabeebeenbeenbeenseens 70
Figure 74: A schematic view of the relevant forces, pressures and surfaces of the Spectra
Clark Pump (PectiaWatermakers, Inc, 2003 et e et e e eee s eeneeeen 71
Figure 75: Efficiency of the ERD for BW and SW (RR=20%) ........ccoeerrrercieeriirerieesieeeiee e 73
Figure 76: Efficiency of the ERD for BW and SW (RR=40%) ........cccccueeeririeeeiiieeeeiiieeeecireeeeens 74
Figure 77: Inlet feed pressure required for BW and SW (RR=20%).......c.ccceerrrercreercveeserennnnns 75
Figure 78: Inlet feed pressure required for BW and SW (RR=40%).........cccvcevvrercreercrreseeennnnns 76
Figure 79: Pressure exchanger with three combined double-acting cylinders....................... 79
Figure 80: Scheme of the pistons and the connecting rotational shaft with the acting forces
................................................................................................................................................. 80
Figure 81: Scale factor of the pistons of the ERD and total pressure losses (RR=20%) .......... 83

Figure 82: Scale factor of the pistons of the ERD and total pressure losses Apfr (RR=40%) .. 84
Figure 83: Efficiency and scale factor of pressure exchangers with three combined double-

acting CyliNders (RR=20%6) ....uveieiuiiieeeiiiee ettt e et e et e e e st e e e bae e e e abebee e e enbaeeeennraeaennsens 85
Figure 84: Efficiency and scale factor of pressure exchangers with three combined double-
aCting CYlINAEIrS (RRZA06) ...uvveeeeiieeiieeeiee e et e et e eteeesteeste e s te e e eaeessteesteesssseesnseesseeessseesnseeans 85
Figure 85: Inlet feed pressure for pressure exchanger with three combined double-acting
CYIINAEIS (RRZ2096) ....vvieeeieeetieesieesitee ettt e estte e st e e e e et e e ateeste e e saeessteesnteesessseesnseassessnssessnsenans 86
Figure 86: Inlet feed pressure for pressure exchanger with three combined double-acting
CYIINAEIS (RRZA06) .. ettt ettt ettt e e tte e e et e e e st e e e s e ab e e e esabaeeeeeenbeeesesseeesansseeesnnsees 87
Figure 87: Power ratio Prec/Pout for pressure exchanger with three combined double-acting
CYIINAEIS (RRZ2096) ..uvveeeeieeeieeeeeieeetee et teeestteese e st e e e tee e s ateestee e saeesaeesnteesessseesnseassesenseeesnsenans 88
Figure 88: Power ratio Prec/Pout for pressure exchanger with three combined double-acting
CYIINAEIS (RRZA00) ....eveeeiee e eeeeeectee et teeestte e st e st e et e e ate e stee e saeesteesnteesessseessseasnsesensseesnsenans 88
Figure 89: Axial Piston Motor directly coupled to pumMp ....ccccveeeeciee e 90
Figure 90: APM-driven PiStON PUMP .ooocuiiii e ccieeeeettee e eetre e e sstte e e s etre e e esabaee e s snraeeeeseaeeenns 91
Figure 91: APM-driven piston pump efficiency.......cceeeeeieecciieeeee e 93
Figure 92: Inlet feed pressure for APM-driven piston pump for BW and SW..........ccccccuveeennes 94
Figure 93: Power ratio Prec/Pout for APM-driven piston pump for BW and SW ................... 95
Figure 94: Efficiency of Pelton-driven generator with CP and PP respectively for selected flow
FATES (RRZ208) cooeeieeiiieieee ettt ettt e e e eeeb e e e e e e eeetaaeeeeeeeeessbsasbbaseesesesnssssseseeessannsnes 98
Figure 95: Efficiency of Pelton-driven generator with CP and PP respectively for selected flow
FALES (RRZA06) c..uveeeeieeeeiee et e etee ettt e e te st e et e e et e e sateesateeebeeessseesaseeensessessseesnteeansaeenseeesnsesansns 98
Figure 96: Efficiency of Pelton-driven CP and PP (RR=20%)........cccccueeeeiurreeiireeeeiiieeeecnineeeens 99
Figure 97: Efficiency of Pelton-driven CP and PP (RR=40%)..........cccceeererrreeicreeeeiireeeecnineeeens 99
Figure 98: Efficiency of the ERD for BW and SW (RR=20%) ........cccvevrrerceeeiirecieesieeecieee e 100

Xiv



Figure 99: Efficiency of the ERD for BW and SW (RR=40%) .........ccceevurerveeriirerieenieeecieee s 100
Figure 100: Efficiency and scale factor of pressure exchanger with three double-acting

CYlINAEIS (RR=20%6) ...vieee ettt ettt ettt e et e e e e tte e e e ebae e s eeate e e s e sabeeeeesnbaaeeenreeeennnens 101
Figure 101: Efficiency and scale factor of pressure exchanger with three double-acting
CYIINAEIS (RRZA06) ....eveee ettt ettt ettt et e et e e e e tte e e e stae e s eeate e e s e sabteeeesnbaeeeenteeeennnens 101
Figure 102: APM-driven piston pump efficiency......cccoeeciiiiiiiii e, 102
Figure 103: Inlet feed pressure for Pelton-driven generator with CP and PP (RR=20%) ...... 103
Figure 104: Inlet feed pressure for Pelton-driven generator with CP and PP (RR=40%) ...... 103
Figure 105: Inlet feed pressure for Pelton-driven CP and PP (RR=20%) .......ccccceevcuvveeernnnennn 104
Figure 106: Inlet feed pressure for Pelton-driven CP and PP (RR=40%) ........c.ccccovvevveernenns 104
Figure 107: Inlet feed pressure required for BW and SW (RR=20%).........cceeevveeercveeeescnnnnnn. 105
Figure 108: Inlet feed pressure required for BW and SW (RR=40%).........ccccceveerceerivrernennns 105
Figure 109: Inlet feed pressure for pressure exchanger with three combined double-acting
CYIINAEIS (RR=206) ...ttt ettt e et e e e e tte e e e sata e e s esate e e s e s nbeeeaesnsaaeeenntaeeennnens 106
Figure 110: Inlet feed pressure for pressure exchanger with three combined double-acting
CYIINAEIS (RRZA0T0) ....eveeereeeieeeceeeciee et eeette ettt e e e e et e et e e s ateeeteeesaaesnteeseneeessseesnseseseeensees 106
Figure 111: Inlet feed pressure for APM-driven piston pump for BW and SW..................... 107
Figure 112: Schenker ERD switching mechanism (Schenker talas.RL, 2001) | e, 109
Figure 113: SChenker ERD........uuuiiiiii ittt e e e eectte e e e e e e e s arae e e e e e e e e e e ssnbssaeeeaeeeennnes 110
Figure 114: Optimised pressure exchanger with two combined double-acting cylinders
(RRZ2096) ..veeeeeeeieeeeeieeeitee e eteeste e e tee e e tte et e e e sateesseeesseeasstaeasseeesaeessseesnnseeessseesssessnsasansenesnseenns 110
Figure 115: Optimised pressure exchanger with two combined double-acting cylinders
(RRZZA06) ..veeeneieeiieeiiee ettt st e siee e stte s stteesbeesbeeesateesateessbaesabaeessseesasbaeessseesaseesnsaesnsseesaneenas 110
Figure 116: ERI Turbocharger LPT-1000 draWing .......cceceeeeeciiireeeeeeeeeciiieeeeeeeeeeivnneeeeeseeeesenns 117
Figure 117: ERI Turbocharger AT-4800 draWing ........cceeeeeeeciiiiieeeeeeeeeciiieeeeeeeescivrneeeeeseeeeeenas 117
List of Tables

Table 1: FEDCO HPB operating Parameters ........ccccveeeeiieeeeeciieeeesieeeesciieeesevveeessnsneeeeessnsneeeens 15
Table 2: PX Pressure Exchanger Devices operating parameters 2% e, 26
Table 3: Overview of the characteristics of the ERDs examined.........ccccevevvvcvieeiniiiieniniieeeeenn. 29
Table 4: Flow rate and recovery ratio examined Values ..........ccccecvveeeecieeecciiee e 33
Table 5: Membrane pressure drop for brackish water desalination (8,000 ppm).................. 33
Table 6: Membrane pressure drop for seawater desalination (40,000 ppm).......cccceeeecvveeenns 34
Table 7: RO membranes feed pressure and brine pressure examined values...........ccccuuo...... 34
Table 8: Nozzle outlet VEloCity, C1 (IM/S) .coviiiiiieeiieceeceecteert ettt ettt et eve e 36
Table 9: Nozzle outlet diameter, d1 (CM)...cocceeie et aree e 36
Table 10: NOzzle diameter ratio, A oo e e s s s s 37
Table 11: Inverse nozzle diameter ratio; 1/ .. ..o eiee ettt eeeee s e e e s e esrreesseaeeesens 37
Table 12: Reynolds NUMDEL, RE.....ciii ettt e et e e e e e e e e ra e e e e e e e eanns 39
Table 13: Motor efficiency, NM (%) .....occueee e e e st e e e baee e 42
Table 14: Generator efficiency, NE (6) ..cuveeieciiee et e e bae e 42
Table 15: Multistage centrifugal pump efficiency (CUivelaarPompen, 2013) @ eeeeeeeeeeeees 44

XV



(Duijvelaar Pompen, 2013)

Table 16: DP multistage centrifugal pumps = o e 44
Table 17: Axial piston pump efficiency Crm oS A/S 2083) et er e 45
Table 18: Grundfos BMPE piston pumps o8 A/ 200) e e et ee e 45
Table 19: Gearbox efficiency COMPAriSON .....cciiiiicciiiiiee e e e e 46
Table 20: Overall efficiency of Pelton-driven generator using multistage centrifugal pump
(61 = I TSP PPRPR 47
Table 21: Overall efficiency of Pelton-driven generator using piston pump (PP)................... 47
Table 22: Blade SPEEd, U (M/S) weeiriiiiiieiieeeereeeteeeteecte ettt ereeere et estbeeeteesteesaresaneennas 49
Table 23: Rotational speed of the Pelton wheel, wcyc (rpm) ...eeeeciveeeeciiee e 49
Table 24: Pelton turbine power output, PS (KW) .....ooiiiiiiiieeeecee e e 50
Table 25: Generator power oUtPUL, P& (KW).....ooiiciiieicieie et 51
Table 26: Motor power output, PM (KW) .....uuiiiieieeeeeee ettt e aree e 51
Table 27: Pressure required at the inlet of the centrifugal pump ......cccooveeeiiiiiieeeee, 52
Table 28: Pressure required at the inlet of the piston pUMP.....ccccoiiiiiiiii i, 52
Table 29: Percentage of power output provided by the recovered power (CP).........c........... 54
Table 30: Percentage of power output provided by the recovered power (PP).........ccc......... 54
Table 31: DP multistage centrifugal pumps prices (PUIvelaarPompen 2013) | @ eeeeeeeeeneen. 55
Table 32: Grundfos BMPE piston pumps R0 0y 008 et eee e 56
Table 33: Pelton-driven generator with motorised multistage centrifugal pump.................. 56
Table 34: Pelton-driven generator with motorised piston pump .....cccoccvveeevcieeeiccieee e, 56
Table 35: Multistage centrifugal pump efficiency (CUivelaarPompen, 2013) e 57
Table 36: Piston pump efficiency O o A/ 2003 ettt ee e ee e 57
Table 37: Overall efficiency of Pelton-driven centrifugal pump (CP) with gearbox................ 57
Table 38: Overall efficiency of Pelton-driven piston pump (PP) with gearbox............cc......... 57
Table 39: Pressure required at the inlet of the centrifugal pump ......ccccoieeeiiiiiiiiiee e, 58
Table 40: Pressure required at the inlet of the piston pUMP......cccoiiiiiiiiiccee, 59
Table 41: Percentage of power output provided by the recovered power (CP)..................... 60
Table 42: Percentage of power output provided by the recovered power (PP).........c......... 61
Table 43: Multistage centrifugal pUMP COSt.....uiiiiiiiiiiiiie e 62
Table 44: PiStON PUMIP COSE ...uuiiiiiiiiiiiiiiitiitiee e ettt e e e e e estrare e e e e e esnataeeeeaeeeeeessnsrsaeeeaeeennanns 63
Table 45: Pelton-driven centrifugal pump with gearbox .......cccceeeeeeiiiciiiiieee e, 63
Table 46: Pelton-driven piston pump With 88arboX..........ceevcuiiieiiiiieiiiee e e 63
Table 47: Pressure losses due to friction, Apfr, for the examined flow rates and for the design
characteristics of the SChENKEr ERD.......coivuiiiiiiiiiiiieieeciee sttt sire e sveesbee e 66
Table 48: Scale factor of the tubing of the ERD, f1, using the static model developed for the
new design and assuming hydraulic pressure losses ApfrH = 1 bar......ccccceceviiniiniinnnnne 66
Table 49: Scale factor of the pistons, f2, assuming the piston velocity of the Schenker ERD 67
Table 50: Diameter and surface area of the rod .........ccceevviiiriiiniiiiiiee e, 67
Table 51: Inner diameter din and the thickness t for the o-rings of the pistons and the rod of
ThE NEW dESigN R 03 ettt s et eee e ee e sane e 67

Table 52: Inner diameter din and thickness t of the o-rings of the pistons and the rod and
rESPECLIVE SCAIE TACLOIS .oeiiiii et e e e e e e eeae e e e e e e ernbraeeaeeeeeennnes 69
Table 53: Mechanical pressure losses ApfrM for the selected flow rates and the Schenker

XVi



Table 54: Total pressure losses due to friction Apfr for the selected flow rates and the

optimised SChENKEI ERD .......ciiiiiiieeciiiee ettt ettt ettt e st e e e ae e e e bae e e e e eabee e e ennreeeeennes 69
Table 55: Scale factor of the tubing (f1) and the pistons (f2) of the ERD and total pressure
losses due to friction Apfr for the selected flow rates and the optimised Schenker ERD....... 70
Table 56: Pressure losses due to friction, Apfr, for the examined flow rates and for the design
characteristics of the Schenker ERD derived from the Schenker ERD testing ...........cc.cc........ 72
Table 57: Efficiency of the ERD, n, for the examined flow rates and for the design
characteristics of the SChENKEr ERD.......coovuiiiiiiiiiiicieeciee ettt siee e sve e sbeeens 72
Table 58: Pressure losses due to friction, Apfr, for the examined flow rates and for the design
characteristics of the Schenker ERD derived by scaling the system .........ccccoveveeeerecciiiiennnnn. 72
Table 59: Efficiency of the ERD, n, for the examined flow rates and for the design
characteristics of the SChenker ERD ......ccoocuiiiiiiiiiieiiiee ettt e s ee e s 73
Table 60: ERD inlet feed pressure, pfin, for the examined flow rates and for the design
characteristics of the SCheNKEr ERD.......cooviiiiiiiiiiiieiieeciee ettt svae e sire e save e sbeeens 74
Table 61: ERD inlet feed pressure, pfin, for the examined flow rates and for the design
characteristics of the SChenker ERD .......coucuiiiiiiiiiieiieeeeiee et e s ee e s 75
Table 62: Percentage of power output provided by the recovered power .........ccceeeecuveenns 76
Table 63: Power ratio Prec/Pout for pressure exchangers with two combined cylinders
(RRZ20%6) oo ee e ee e e ee e e e e s e ee e see e ses e eeeeeees s st e s s e seses s s eseseeeeeenean 77
Table 64: Power ratio Prec/Pout for pressure exchangers with two combined cylinders
(RRZA0YE) e ee e ee e s e e e e e seeeee e eeeees st e s s e s s s e eeseee e seeeeenean 77
Table 65: Cost of the scaled ERD for BW and SW desalination.........cccoccveevvviieeiniiieeincieenennn. 78
Table 66: Spectra Pearson pump efficiency calculation...........cccoecvieeiiiiieecciieeeccee e, 79

Table 67: Scale factor of the pistons, 2, assuming the piston velocity of the Pearson pump 81
Table 68: Diameter and surface area of the rod .......ccocccvevviviiiiiiiie e 82
Table 69: Inner diameter din and thickness t of the o-rings of the pistons and the rod and

reSPECLIVE SCAIE TACOIS .ueiiiii et e e e e et eeae e e e e e e erarraeeeeeeeeennnes 82
Table 70: Mechanical pressure losses ApfrM for the examined flow rates........cc.cccoccereennen. 82
Table 71: Total pressure losses due to friction Apfr for the examined flow rates ................. 83

Table 72: Scale factor of the pistons (f2) of the ERD and total pressure losses due to friction

Table 73: Overall efficiency of pressure exchangers with three combined double-acting

LoV 112 Vo[- oSSR 84
Table 74: Inlet feed pressure for pressure exchanger with three combined double-acting
LorY] T To 1T USSP 86
Table 75: Percentage of power output provided by the recovered power ..........ccccceeeeeeennns 87
Table 76: Cost of the scaled ERD for BW and SW desalination........c.ccceecveeviiienieeniieensieeennnne, 89
Table 77: Efficiency of the SWPE (1450 rPM) ...eeiiiciiieieieee ettt e eere e seaeeree e svnaee e 90
Table 78: Danfoss APM efficiency, NPM (%) ...cecceeeeiieiiie e 90
Table 79: APM efficiency, NPM (26)...uceiccieee ettt e e eare e e e sate e e e sbaaeeeans 91
Table 80: Piston pump efficiency, N1 (%) O o A/s 2003 e et er e 91
Table 81: APM-driven pump overall efficiency, Nt (%) ...c..ccoveeeeeeiieece e e 91
Table 82: APM-driven pump pressure losses, Apfr (Dar) ......ccveeeecieeeeciieeccee e 92
Table 83: APM-driven pump overall efficiency, Nt (%)...c.ccceecveeeeeciieeeceeecee e e 92
Table 84: APM power output, PPM (KW) ..oooeeeiee ettt et 93



Table 85: Pressure required at the inlet of the piston pump.....cccceeiieecciiiiee 94
Table 86: Percentage of power output provided by the recovered power .........ccceeeevveenns 95
Table 87: Grundfos BMPE piston pump cost R0 08y 2003) et ee e 96
Table 88: Danfoss APM price B8 B o B 20L) ettt ettt reeeeensaees 96
Table 89: Cost of the APM-driven piston pump for the examined flow rates...........cccccuuee.. 96
Table 90: Generator efficiency, NE (%6) ..cvveeeeciieeecciiee et bae e 97
Table 91: Motor efficiency, NM (%) .....ee e e e e e e eae e saeeas 97
Table 92: Multistage centrifugal pump efficiency (PUIvelaarPompen 2013} eeeeeeeeeeneen. 97
Table 93: Piston pump efficiency O o A/ 2003 ettt ee e 97
Table 94: Cost of the energy recovery conCepts (€)....ccccereeiiiieeeciiee et 108
Table 95: Scale factors and diameters of the optimised pressure exchanger with two double-
= Toru] o F= oAV [T s To [T o SSEER 109
Table 96: Characteristics of the Schenker ERD......c..uoiiviiiiiiiciiieiieec e 110

Xviii



1. Introduction

The desalination industry has grown exponentially the last four decades as countries seek
solutions to water scarcity caused by population growth, climate change, pollution and
industrial development. According to the International Desalination Association (IDA), the
worldwide installed capacity has grown at a compound average rate of 12.3% per year over
the past 5 years and the rate of capacity growth is expected to increase even further (Figure
1). The worldwide installed capacity has reached 66.5 million cubic meters per day in 2011
and is expected to reach 120 Mm?/day by 2020 (IDA, 2012).
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Figure 1: Projected growth of the desalination market in million cubic meters per day (including seawater,
. . . . . (Lattemann, et al., 2010)
brackish water, river water, wastewater, brine, and pure water desalination processes)

Much of the expected growth of the desalination market will take place in the seawater
sector, although brackish water and wastewater desalination processes will presumably
become more important in the future. Only 5% of the total capacity of 68 Mm?®/day comes
from wastewater sources, 19% is produced from brackish water sources, and 63% from
seawater (Lattemann, et al., 2010).

All source water types included, reverse osmosis is the prevalent desalination process,
accounting for more than half of the global capacity. Currently, reverse osmosis (RO)
accounts for nearly 60% of installed capacity, followed by the thermal processes multi-stage
flash (MSF) at 26% and multi-effect distillation (MED) at 8.2%. Other processes include
electrodialysis (ED) at 3.4%, hybrid technologies combining membrane and thermal
processes at 0.7%, and electrodeionization (EDI) at 0.4%.

In terms of regional distribution of the desalination capacity, 48% of the global desalination
production takes place in the Middle East, mainly in the Gulf country states, 19% of the
desalinated water is produced in Americas, 14% in Europe, 14% in the Asia-Pacific region and
6% in Africa (Figure 2). Seawater desalination is the prevalent process in all regions except
for North America, where brackish water desalination is the dominating process.
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Developments in desalination technologies are specifically aimed at reducing energy

consumption and cost, as well as minimizing environmental impacts. Renewable energy is

incorporated at newly developed systems.

The costs of RO desalination can be high because of its intensive use of energy (Al-
Karaghouli, et al., 2009). The energy demand of RO systems depends on the process design
and equipment used. The use of energy recovery can significantly reduce the specific energy
demand of the system (kWh/m?). While RO systems without energy recovery require about

5 kWh/m?, RO systems with energy recovery achieve a total energy demand of 3-4 kWh/m®.
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Figure 3: Operation costs in USS$ of reverse osmosis (RO) desalination process
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1.1. Research objective

The aim of this project is to design an efficient energy recovery concept for a small-scale
autonomous renewable-driven reverse osmosis desalination system. To tackle this problem,
the following subquestions are examined:

1. Which are the energy recovery technologies currently available and what are their
characteristics?

2. Which are the constraints set by the examined renewable-driven RO desalination
system and which energy recovery technologies meet these requirements?

3. Which energy recovery concepts are suggested for these requirements and how do
they comply with the criteria set?

4. Which is the most applicable energy recovery concept according to the criteria set?

Thus, in Chapter 2, the theoretical background required for the study of energy recovery
technologies is explained. In Chapter 3, the energy recovery technologies currently available
are analysed based on their characteristics. In Chapter 4, the constraints defined by the
examined RO desalination system are described and the energy recovery technologies that
meet these requirements are listed. In Chapter 5, energy recovery concepts applicable for
the examined RO system are designed. Based on the criteria set, the energy recovery
concepts are evaluated. In Chapter 6, the energy recovery concept that fulfils most
adequately the criteria set is selected. In Chapters 7 and 8, conclusions and
recommendations are drawn.






2. Theoretical background

In this chapter the theoretical background required for the study and the evaluation of
energy recovery technologies used in RO desalination systems is provided.

2.1. Water Salinity

Desalination refers to the physical separation of salts and water in a saline solution to
produce freshwater (Contreras, 2009). In the desalination field water is classified according
to its salinity. Salinity refers to the concentration of dissolved salts in water. It is defined by
total dissolved solids (TDS) measured in mg/L or parts per million (ppm). Based on salinity
measured by TDS, water is classified into three groups: Fresh water contains less than 1,000
mg/L, brackish water between 1,000 and 25,000 mg/L and seawater consists of more than
25,000 mg/L. Most of the brackish water available on earth has salinity up to 10,000 mg/L,
whereas seawater normally has salinity in the range of 35,000-45,000 mg/| in the form of
TDS (Gkeredaki, 2011).

2.2. Reverse Osmosis Desalination Process

Osmosis is a physical process that occurs when two solutions of different concentrations are
separated by a semi-permeable membrane (Figure 4a). During osmosis, the tendency of the
system is to reach equilibrium by equalising the concentration of the two solutions. Thus,
the less saline solution flows towards the more saline solution, through the membrane, until
the hydrostatic pressure difference developed due to volume difference equals to the
osmotic pressure of the more saline solution and equilibrium is reached (Figure 4b).

Reverse
- Osmotic osmotic
Initial level pressure l pressure
Water flow Ar Ap-An
. > =
. > =
Pure water Salt water Pure water Salt water Pure water Salt water
-+ > -
-+ > S B
N Semi-permeable membrane Osmotic balance Water flow
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Figure 4: Osmosis and Reverse Osmosis Process

Reverse osmosis (RO) is the opposite process, where the pressure applied must exceed the
osmotic pressure in order to push the more saline solution through the membrane (Figure
4c). Thus, the energy required for the separation of salts and water is supplied in the form of
pressure. RO desalination is most commonly applied elements of membranes in spiral
wound configuration (Figure 5). In order to withstand the high operating pressures, pressure



vessels (membrane modules) are used. Typically, one pressure vessel contains six membrane
elements (Verberk, et al., 2009).
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Figure 5: Spiral wound element design

RO membranes allow the passage of water but reject salts and all particulate and colloidal
matter, bacteria, viruses and dissolved organic matter (Contreras, 2009). In order to prevent
the accumulation of salts on the membrane surface, RO process is a cross-flow filtration
during which part of the feed flow is used to remove salts from the membrane. This part of
the feed flow is called concentrate, reject or brine stream, while the amount recovered to
freshwater is referred to as permeate or product flow (Figure 6).

RO membrane

/
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\ Concentrate (Qg, p¢, Cc)

Figure 6: Reverse Osmosis Schematic

According to the mass balance for water: Qr=Qp+Qc Ml

Where Qs is the flow rate of the feed flow, Q, is the flow rate of the permeate and Q. is the
flow rate of the concentrate. The ratio between the permeate flow rate (Q,) and the feed
flow rate (Qy) is defined as recovery ratio (RR) (Contreras, 2009):

RR = Qp/Qf (2]
The mass balance for salt delivers: Qe cs=Qp-cp+Qcrcc 3]

Where c; is the salt concentration of the feed flow, c, is the salt concentration of the
permeate and c. is the salt concentration of the concentrate.



By assuming ¢, ~ 0 and using equation 2 and 3 we get: ¢, = ¢¢/(1 — RR) (4]

According to equation 4, for recovery ratio of 80%, the concentrate is 5 times more
concentrated compared to the feed flow. Therefore, a low recovery ratio is very important
to prevent scaling (Heijman, et al., 2010).

In addition, retention is calculated: Ret=1— Cp/Cf [5]

Furthermore, since RO membranes are not ideal, they present some resistance to the water
flowing through them. As a result, apart from the energy required for the separation of
water and salt, additional pressure is needed to force water trough the membranes. The
flow of water is proportional to the net pressure applied above the osmotic pressure:

Qp = Kw ' Am ' [(pf - pp) - (T[an - T[P)] 6]

where K, is the water permeability coefficient of the membrane, A, is the area of the
membrane, Pf and Pp are the feed flow and permeate pressures, respectively, T, is the
osmotic pressure in the feed-brine channel, and r; is the osmotic pressure of the permeate.
The term in square brackets is known as the net driving pressure (Figure 4c).

Equation 6 shows that increasing the feed pressure would result in higher product flow rate
and, hence, higher recovery ratios. However, the relationship between the applied pressure
and the recovery ratio is not straightforward since increasing the recovery ratio increases
the concentration of the brine, and hence its osmotic pressure, affecting also the net driving
pressure (Contreras, 2009).

A typical configuration of RO desalination system includes a high pressure pump which
provides feed water with the required pressure for the RO process and the pressure vessels
which include the RO membranes. As already described part of the feed flow is going to the
permeate flow and the remaining to the concentrate flow, while a regulated valve is used in
order to control the concentrate flow.
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Figure 7: RO desalination system

2.3. Energy recovery Process

The pressure drop across the feed-brine channel of the RO membranes is small (up to 2 bar).
Thus, depending on the recovery ratio, concentrate stream carries a large share of the
energy in feed flow. Recycling this energy back into the process improves the overall
efficiency of the operation. The recovery of energy in RO desalination systems is a major
factor in the reduction of the energy consumption of the system and the cost of desalinated



water. Amongst the mainstream seawater desalination technologies, reverse osmosis with
energy recovery has the lowest energy requirements per unit of freshwater produced (EI-
Dessouky, et al., 2002). This energy is known as the specific energy consumption (SEC) and is
used to measure the efficiency of RO operations (Contreras, 2009).

The operating pressure for brackish water RO desalination ranges from 10-30 bar, while for
seawater from 40-80 bar (Charcosset, 2009). For brackish water desalination the recovery
ratio can reach the value of 95%, while for seawater the maximum value is about 50% due to
the possibility of scaling, caused by high salt concentrations (Verberk, et al., 2009). Due to
high recovery ratios and low pressures observed in brackish water RO desalination systems,
the amount of energy that can be recovered is much less than in seawater systems and thus
energy recovery is rarely used (Contreras, 2009).



3. Energy recovery technologies

In Chapter 3 the energy recovery technologies developed for RO desalination are presented
and evaluated according to their characteristics.

The energy recovery is conducted through a mechanical system, which intensifies the feed
pressure of the RO process by recycling the energy found in the waste stream of the RO
process. This system is called energy recovery device (ERD). Currently several approaches of
ERDs exist, depending on the scale and the capacity of the RO system. Subsequently, energy
recovery devices are classified according to their working principle and each type is
described. Examples for each technology, available on the market, are identified.

3.1. Centrifugal Energy Recovery Devices

Centrifugal ERDs convert the hydraulic energy found in the concentrate stream into
rotational energy using a turbine, which either serves as a shaft assist mechanism for the
main high-pressure pump of the desalination system or is directly coupled to a centrifugal
pump (MacHarg, 2002). Thus, centrifugal ERDs can be classified as hydraulic to mechanical-
assisted pumping and hydraulically driven pumping in series (Guirguis, 2011).

3.1.1. Hydraulic to mechanical-assisted pumping

In this configuration, the turbine is coupled to the main high-pressure pump that supplies
the feed water to the RO membranes (Figure 8). The energy required by the high pressure
pump is provided by the motor and the turbine, which is applied as an add-on package in the
form of a shaft assist mechanism (MacHarg, 2002).
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Figure 8: RO desalination system including turbine-driven shaft assist mechanism

Francis turbines and Pelton turbines are typically used for this type of configuration. The
configuration operates at its peak efficiency in a narrow range of pressure and flow
(Contreras, 2009).

Francis turbine, also known as reverse running pump, was the first turbine to be employed
in seawater RO municipal scale desalination plants. Francis turbines recover the hydraulic
energy from the brine stream which is then mechanically transferred to the main feed pump



motor. In most applications of Francis turbines the turbine drives an alternator and its speed
must be maintained constant (Figure 9). Other installations involve a clutch between the
turbine and a pump.

Figure 9: Francis turbine with generator (" 2011

Francis turbines are reaction turbines. The flow path followed is from a radial direction to an
axial direction. Water enters via a spiral casing; called volute or scroll, which surrounds the
runner (Figure 10); at pressure higher than the atmospheric pressure and reaches the
turbine blades containing kinetic energy and pressure energy, which the turbine then
transforms into mechanical energy. The area of cross-section of the volute decreases along
the flow path in such a way that the flow velocity remains constant. From the volute the
flow enters a ring of stationary guide vanes which direct it onto the runner at the most
appropriate angle, depending on the energy requirements. Different shaft speeds can be
obtained for specific head and flow, depending on the design of the blades (Rodriguez, et al.,
2011).

Figure 10: Horizontal axis Francis turbine

Francis turbines handle high to medium flow and low to medium head (<650 m), which can
be expressed in pressure (<64 bar) using the following equation:

H=p/y (71

10



The earliest identified disadvantage of Francis Turbines was that the flow range and pressure
required for achieving maximum efficiency of operation was narrow and limited. In addition,
these energy recovery devices did not generate energy until the design condition reached
about 40% (Farooque, et al., 2008). They are also difficult to control and pose a significant
challenge in maintenance. Francis turbines are sized to specific characteristics and the flow
or pressure changes need to be bypassed resulting to losses in their efficiency. Furthermore,
operation at part load causes a whirl velocity component to be set up downstream of the
runner, resulting to reduced efficiency. The strength of the vortex can be such that
cavitation can occur along the axis of the draft tube. Manufacturers of Francis turbines are
Sulzer Ltd. (Sulzer Ltd., 2013), Wasserkraft Volk AG (Wasserkraft Volk AG, 2010) and Tamar
(Tamar, 2012).

The overall efficiency of the energy recovery system including a turbine coupled to the main
high pressure pump can be quantified as the hydraulic energy out minus the motor shaft
power in all divided by the hydraulic energy in (MacHarg, 2002). For the Francis turbine, the
efficiency can reach 69%.

In case of a Francis-driven generator which supplies electricity to the motor of the pump the
overall efficiency is calculated as the product of the efficiency of the Francis turbine, the
efficiency of the alternator and the efficiency of the motor and the pump. The maximum
overall efficiency of the Francis turbine is 75%-80% (Guirguis, 2011). Peak efficiencies of
alternators at full output vary from 55% to almost 80% (Bradfield, 2008). The efficiency of
the motor is assumed to be 94% (at feed flow of 20 m?/h). The peak efficiency of the pump,
achieved at specific speed of 3000 and flow rate greater than 2,300 m*/h (10,000 gpm), is
89% (Stover, 2006). Thus, the peak overall efficiency of the Francis-driven generator energy
recovery system is estimated:

NErancis = 80% - 80% - 94% - 89% = 53% [8]
Pelton turbines replaced Francis turbines used for RO desalination applications, in 1980s,
due to their higher efficiency (Stover, 2007). The Pelton turbine recovery system includes a
tangential flow impulse turbine that converts the hydraulic energy of the concentrate
stream into rotary power. The concentrate stream is directed to the centre of the blades
(spoon-shaped buckets) mounted around the circular disc through one or more nozzles that
convert the kinetic energy of the water into mechanical energy. Each bucket splits the
oncoming jet into two equal streams, using the ridge at its centre and reverses their flow,
leaving them with diminished energy. The resulting impulse produces the required torque in
order to spin the turbine. The buckets are mounted in pairs to keep the forces on the wheel
balanced as well as to ensure smooth, efficient momentum transfer of the fluid jet to the
wheel.
Since the Pelton turbine is an impulse turbine the shaft speed depends only on the diameter
of the wheel and the head delivered to the nozzle.
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Figure 11: Pelton turbine runner (" 20%

Pelton turbines are preferred because of their familiarity, proven liability, ease in operation
and low capital cost (Stover, 2006). Unlike the majority of models, Pelton turbines are
characterised for their high efficiency when working with partial flows. Over a large range of
loading (20% up to 100%), Pelton turbines deliver almost constant overall efficiency as a
result of the hydraulic losses reducing in proportion to the power output (Dixon, 2005). A
disadvantage of Pelton turbines is the formation of a foamy stream that can only be
evacuated by gravity, or re-pumped after it has settled (Liberman, 2010).

Pelton turbines are designed for high to medium head and low to medium flow rate. Thus,
Pelton turbines are preferred when the available water source has relatively high hydraulic
head at low flow rates, where the Pelton wheel is most efficient. More power can be
extracted from a water source with high-pressure and low-flow than from a source with low-
pressure and high-flow, even when the two flows theoretically contain the same
power. Depending on water flow and design, Pelton wheels operate best with heads from 15
meters to 1,800 meters, although there is no theoretical limit. Using equation 7 and the
specific weight of water y = 9.8 kN/m?3, the brine pressure required is calculated 1.47-
176.4 bar.

The overall efficiency of the energy recovery system including a Pelton turbine coupled to
the main high pressure pump, taking into account the shaft power provided by the motor,
can reach 76%.

In case of a Pelton-driven generator which supplies electricity to the motor of the pump the
overall efficiency is calculated as in equation 8. The maximum overall efficiency of the Pelton
turbine is 80%-85% (Guirguis, 2011), hence the efficiency is calculated:
Npelton = 85% - 80% -94% - 89% = 57% [9]

Manufacturers of Pelton-driven shaft assist mechanisms include Calder (ERT), Sulzer Ltd.
(TUP). Energy Recovery Turbine (ERT), developed by Calder, consists of Pelton turbine
coupled to a shaft, covered by stainless steel casing. ERT handles brine flow from 15 up to
1,200 m?/h, pressures up to 80 bar and rotational speeds up to 3,600 rpm while having a
relatively low capital cost. Calder ERT is claimed to reach efficiencies up to 90% and deliver
power up to 1500 kW (Calder, 2013). However, its efficiency declines in accordance with the
efficiencies of the impeller, the nozzle and the turbine and as the flow rate or pressure of
the reject stream diverges from optimal. Its recovery ratio ranges from 20% to 50%. The
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maximum overall efficiency of Calder ERT is 90% (Guirguis, 2011). Hence, as in equation 8,
the peak overall efficiency of the ERT driven generator energy recovery system is estimated:

Figure 12: Calder Energy Recovery Turbine (¢¢"20%3)

3.1.2. Hydraulically driven pumping in series

Hydraulically driven pumping in series devices are commonly referred to as turbochargers
(MacHarg, 2002). Turbochargers consist of a turbine and a centrifugal pump impeller
connected on the same shaft with no motor. The concentrate stream is directed to the
turbine rotor where its hydraulic energy is converted to mechanical energy. Then, the pump
impeller converts the mechanical energy produced by the turbine rotor back to pressure
energy by raising medium-pressure feed stream to high pressure prior to entering the RO
membranes (Contreras, 2009). Thus, turbochargers are entirely powered by the concentrate
stream, having no electrical, external lubrication or pneumatic requirements (Shaligram,
2011). An energy saving is achieved because the main pump’s required discharge pressure is
reduced (MacHarg, 2002).

Since the turbocharger is independent of the motor speed, its own speed can be selected so
as to obtain its best efficiency (Contreras, 2009). Turbochargers are manufactured at various
scales according to the capacity required. However, at smaller capacities the peak efficiency
diminishes considerably. Turbocharger systems consume slightly less energy than shaft assist
mechanism systems because the high-pressure pump in the latter operates at higher
pressure and therefore lower efficiency (Stover, 2006).

Medium-pressure

pump High-pressure
feed water

RO membranes

Low-pressure

——> Permeate
feed water

High-pressure
concentrate

Low-pressure
concentrate

ERD
Figure 13: RO desalination system including hydraulically driven pumping in series
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Manufactures of turbochargers are Energy Recovery Inc. (ERI), Fluid Equipment
Development Company (FEDCO) Grundfos A/S.

ERI has developed two types of hydraulic turbochargers. ERI TurboCharger (LPT) (Figure 14)
is designed for low-pressure applications (multi-stage brackish RO water treatment), since it
delivers pressures up to 45 bar and handles flows from 6.8 to 908 m?/h. Its materials of
construction include rotor AL6XN, bearings Graphitar 39 and casings SS304, 316, Duplex
2205 (for max. feed pressure of 41.4 bar). At the following table the capacities of the existing
models are defined at 17.2 bar.

LPT-32 >6.8
LPT-63 10.2-20.4
LPT-125 20.6-34.1
LPT-250 34.3-68.1
LPT-500 68.4-136.3
LPT-1000 136.5-272.5
LPT-2000 272.3-545.1
LPT-4000 <908

Figure 14: ERI LPT TurboCharger models and capacities (ERI, 2013)

ERI AT TurboCharger (Figure 15) is designed for high-pressure applications (small to medium
seawater RO systems), handling pressures from 45 up to 80 bar and flows from 11 to 2,272
m>/h (ERI, 2013). Its materials of construction include rotor AL6XN, bearings Graphitar 39
and casing Duplex SS 2205. At the following table the capacities of the existing models are
defined at 69 bar.

(ERI, 2013)

Figure 15: ERI AT TurboCharger

FEDCO has developed Hydraulic Pressure Booster (HPB) which exists in 16 models. The table
below summarises their characteristics (FEDCO, 2013). The operating temperature is
0 —70.0°C and the maximum storage temperature is 85°C. The minimum brine outlet
pressure is 0.5 bar and the maximum operating pressure is 80 bar (82 bar only for HPB-10).
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HPB-10 3.5-15 - -

HPB-20 15-25 8-20 64
HPB-30 23-38 13-30 66
HPB-40 30-50 17-40 67
HPB-60 45-175 25-60 71
HPB-80 60— 100 33-80 72
HPB-120 90-150 50-120 73
HPB-160 120 -200 66 — 160 74
HPB-250 188 -313 103 -250 76
HPB-350 263-438 145-351 77
HPB-500 375-626 206 -501 78
HPB-700 525-875 289-700 79
HPB-1000 750-1,250 413 -1,000 80
HPB-1400 1,050-1,750 578 -1,400 81
HPB-2000 1,500 -2,500 825-2,000 82
HPB-2800 2,100-3,500 1,155-2,800 85

Table 1: FEDCO HPB operating parameters

Figure 16: FEDCO Hydraulic Pressure Booster (HPB) FE°°-20%3)

Another commercial example of hydraulically driven pumping in series is the BMET booster
module, developed by Grundfos, which consists of a high pressure pump (BME booster
module) connected in series with a Pelton-driven pump (Figure 17). The energy from the
resulting high-pressure concentrate stream of the RO process is recovered by the Pelton
turbine. This configuration results in energy savings up to 34% compared to conventional
systems. BMET booster module handles flow range of 4 to 130 m*/hr and pressure up to 80
bar. Using the following equation and recovery ratio of 35%, the inlet brine flow rate range is
calculated 2.64-85.8 m®/h.
Q, =Qr—Qp=(1—-RR)- Q¢

The Pelton-driven pump requires feed pressure between 2-5 bar and delivers to the high
pressure pump pressure up to 30 bar. BMET booster module comes in 50 Hz and 60 Hz. All
turbine and pump parts are water lubricated and thus maintenance-free.
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Figure 17: Grundfos BMET booster module (Grundfos A/S, 2013)

The high pressure pump is powered by an electric standard motor via the V-belt pulley,
which is geared 2:1 (max. speed approx. 6,000 rpm). Motor bearings are grease-lubricated,
while the ball bearings of the V-belt pulley are lubricated and cooled by an oil lubrication
system. The shaft seal is made of carbon/silicon carbide. Both pumps have a water
lubricated axial thrust bearing build in, to absorb the axial thrust from the pump. However,
in this system configuration the high pressure pump is interposed between the energy
recovery device and the RO membranes (Figure 18).

High-pressure
pump

Feed

RO membranes

Low-pressure

—> Permeate
feed water

Low-pressure
concentrate

High-pressure
concentrate

Figure 18: System configuration including the BMET booster module (Grundfos A/S, 2013)

3.2. Pressure Exchangers

3.2.1. Piston Isobaric Energy Recovery Devices

Piston isobaric energy recovery devices use the principle of positive displacement. These
devices transfer the energy in the reject stream directly to the feed water stream with the
use of valves and pistons. Energy saving is achieved by reducing the volumetric output
required by the main high-pressure pump (MacHarg, 2002). Piston isobaric devices require
dynamic control to operate their valves and to limit piston movement. Each ERD must be
operated individually and in conjunction with the other devices in the array to minimise
overflush/bypass and to prevent excessive pulsations and water hammer. In configurations
without piston, the long contact time (20 to 60 seconds) between the brine and seawater in

16



the isobaric chambers results in some intermixing, resulting and an increase in the
membrane feed salinity of up to 1.5%. However, piston isobaric devices operate at an
efficiency that is limited only by the energy loss in moving the pistons and valves and can
exceed 95%. Their efficiency is claimed to be relatively constant despite flow and pressure
variations and is independent of device capacity. Multiple isobaric devices operate in parallel
in arrays with no loss of efficiency. Piston isobaric energy recovery devices are classified
according to their working principle to single double-acting cylinder, two double-acting
cylinders, three double-acting cylinders and two valve controlled cylinders ERDs.

3.2.1.1. Pressure exchangers with a single double-acting cylinder

The energy recovery device used at the PowerSurvivor developed by Katadyn, is the only
commercial example of pressure exchanger with a single double-acting cylinder (Went, et
al., 2010).

RO membranes

Medium-pressure High-pressure
pump feed water Permeate
‘ ‘ ERD _
High-pressure concentrate

Low-pressure I
feed water Low-pressure concentrate

Figure 19: configuration including the pressure exchanger with a single double-acting cylinder

Two models exist, PowerSurvivor 40E and 80E. Both models have efficiency from 96-98.4%
and recovery ratio 10% and deliver to the RO membranes feed pressure of 55 bar.
PowerSurvivor 40E delivers permeate flow rate of 0.006 m>/h and PowerSurvivor 80E
delivers permeate flow rate of 0.013 m?/h. Using the recovery ratio, the feed pressure
required is calculated 0.06 m*/h and 0.13 m?®/h respectively.

(Katadyn, 2013)

Figure 20: PowerSurvivor 40E and 80E, developed by Katadyn

3.2.1.2. Pressure exchangers with two combined double-acting cylinders

The RO desalination system including the pressure exchanger with two combined double-
acting cylinders requires a medium pressure feed pump.
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Figure 21: System configuration including the pressure exchanger with two combined double-acting cylinders

Current manufacturers of pressure exchangers with two combined double-acting cylinders
include Spectra Watermakers (Clark Pump), Schenker (Schenker Energy Recovery System),
Eco-Sistems Watermakers (ST-08-PRO Pump) and Sea Recovery (EfficientSea Energy Transfer
Device).

The Clark Pump, developed by Spectra Watermakers, works on the principle of positive
displacement and uses two opposing cylinders with pistons connected on a single rod that
passes through a centre block (Figure 22). A reversing valve allows the cylinders to alternate
between driving and pressurising. In the driving cylinder the feed flow pushes the outer
surface of the driving piston and the piston pushes the rod through the centre block. The
brine water between the inner surface of the driving piston and the centre block is
discharged. At the same time the pressurising piston, which is pushed by the rod, circulates
the feed water through the membranes and back to the reversing valve. The reversing valve
directs it into the same cylinder between the inner surface of the piston and the centre
block. Thus, a closed loop is created between the cylinder and the membrane. The rod
displaces water as it enters the cylinder, and, since the displaced water has no place to go,
the pressure rises until there is enough pressure for the RO to occur in the membrane,
allowing the displaced water to be forced out as product. Therefore, the amount of fresh
water produced on every stroke is equal to the volume of the rod entering the cylinder.
When the inner surface of the driving piston reaches the centre block, a pilot valve gets
mechanically actuated and inverses the process instantly by moving the reversing valve.

Product - - Product

Membrane _I—_,* .l Membrane L:f*

1 Reversing Brine Reversing ¢ -I Brine
Valve ’ —

— — Valve |_.

Pressurizing Feed Pressurizing fpaed
Gy Water ol -}EI Water

= 7,
Pump I Pump

Figure 22: RO desalination system configuration including Spectra Clark Pump (SPect™ Watermakers, inc, 2013)

The RO desalination system including the Clark Pump does not require the use of a
motorized high-pressure pump, since the pressure of the feed water is about 4.2 to 12.6 bar.
The pressure of the feed flow provided to the membranes is claimed to reach 55 bar. The
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highest efficiency achieved by the Clark Pump is 97% (Contreras, 2009). The product salinity
is claimed to be less than 300 TDS.

I

9.25"
(23.5 cm) 7

27.25" (69.2 cm) »|

A

Depth = 12" (30.5 em)

Figure 23: Spectra Clark Pump Intensifier (SPect™a Watermakers, Inc, 2013)

Using a mass balance and assuming constant water density and no leakage in the system, it
can be said that as the piston displacement is equal on both sides, the surfaces then
determine the ratio between the volume flows. The volume of water entering and leaving
the cylinder equals to the product of the area of the piston and the displacement x (Snieder,
et al., 2013). The areas A and B differ because of the rod coupled to the one side of the
piston.

Vi=A-x, \,=B-x, Vi/V, =A/B, Q¢/Q, =A/B [11]
Using equation 11 the recovery ratio (Equation 2) can be formulated:

RR=Qp/Qr=(Qr—Qp)/Q=1-Qy,/Qr=1—-B/A [12]
Thus, the recovery ratio is fixed by the surface ratio.

For the Spectra Clark Pump the diameter of the rod is d,.,q = 2.22 cm and the diameter of
the outer surface of the piston is d = 6.98 cm (Spectra Watermakers, Inc, 2013). Thus, the
recovery ratio is calculated:

B (A B B) _ Arod _ (T[ ) dlz‘od/4') _ <drod 2

RR=1--= = = = =10.129
A A A (- dz/4) d ) %

Depending on the surface ratio, the recovery ratio of the Clark Pump can be 7, 10, 15 and
20%. The Clark Pump delivers permeate flow rate of 0.02-0.15 m>/h and requires inlet feed
flow rate from 0.4-0.9 m*/h.

Figure 24: A schematic view of the relevant forces, pressures and surfaces of the Spectra Clark Pump %"

Watermakers, Inc, 2013)
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The Schenker Energy Recovery System (Figure 25), developed by Schenker, works on the
same principle as the Spectra Clark Pump. The area of the inner (B) and outer (A) surfaces of
the pistons of the Schenker Energy Recovery System can reach 59.22 cm? and 69.40 cm?
respectively. Thus, using equation 10, the maximum achievable recovery ratio for this
system is calculated RR =1 — B/A = 14.67%. The minimum recovery ratio is 10%. The
Schenker Energy Recovery System delivers permeate flow rate of 0.035-0.21 m*/h and, using
the range of recovery ratio of 10-14.67%, the feed flow rate is calculated 0.35-1.43 m>/h.

Figure 25: Schenker Energy Recovery System shown as part of the ‘smart watermaker’ RO desalination system
developed by Schenker <"eker 2012}

The ST-08-PRO Eco-Sistems Pump, developed by Eco-Sistems Watermakers, is a positive
displacement energy recovery device with two double-acting cylinders controlled by a
mechanically driven reversing valve (Figure 26). Hence, it shares the working principle and
the system configuration of the Spectra Clark Pump. 0.72-2.16 The ST-08-PRO Pump handles
feed water flow rate in the range of 0.03-0.89 m*/h and inlet feed water pressure between
10-19 bar (after the medium pressure pump) and delivers outlet feed pressure of 45-60 bar
and permeate flow rate from 0.03 to 0.09 m>/h.

RO Membranes

Permeate
Flow ——
High-pressure
feed water
High-pressure
concentrate
Feed
Low-pressure
pUMP
N eed water . Low-pressure
= . . concentrate

|

ERD

( Eco-Sistems

Figure 26: ST-08-PRO Pump and WATER-PRO system scheme developed by Eco-Sistems Watermakers
Watermarkers S.L., 2013)

EfficientSea Energy Transfer Device, developed by Sea Recovery, is another commercial

example of pressure exchanger with two double-acting cylinders. It delivers permeate flow

rate of 0.03-0.09 m®/h and requires feed flow rate of 0.3-0.78 m>/h. It handles inlet feed

pressure of 6-15 bar and delivers to the membranes outlet feed pressure of 42-57 bar.
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Figure 27: EfficientSea Energy Transfer Device developed by Sea Recovery (562 Recovery corp., 2013)

In addition, a different configuration of the RO desalination system including the Clark Pump
was proposed by Bermudez-Contreras and Thomson (Bermudez-Contreras, et al., 2009). In
the modified Clark Pump system, the Clark Pump operates in parallel with a high pressure

pump realising a variable recovery ratio.
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pump High-pressure
feed water RO membranes
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Feed
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concentrate |

(Bermudez-Contreras, et al., 2009)

Figure 28: Modified Clark Pump RO desalination system

3.2.1.3. Pressure exchangers with three double-acting cylinders

Current manufacturers of pressure exchangers with three combined double-acting cylinders
include Spectra Watermakers (Pearson Pump), Enercon (PES) and VARI-RO (IPER) (Childs, et
al.,, 1999). This type of ERD requires a low pressure pump to pressurise the feed water

(Figure 29).

Permeate .
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¢ )L T concentrate
S ERD V|1 [~ V] H |
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Figure 29: System configuration including the pressure exchanger with three combined double-acting cylinders
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The Spectra Pearson pump, developed by Spectra Watermakers, is a positive displacement
three cylinder reciprocating high pressure pump. In the Pearson pump the high pressure
concentrate flows into the pump cylinders on the backside of the piston, transferring its
energy to the feed water being discharged to the membranes (Figure 30). Since part of the
volume of the driving cylinder is taken up by the ceramic plunger, only a portion of the water
provided to the membranes will be able to return to the backside of the piston, as
concentrate, creating a “hydraulic lock”. The electric motor of the device forces the piston
upwards resulting to pressure rise until the displaced water can flow through the membrane
as permeate.

High pressure feed

l

Piston

Plunger ol 4+—— Membranes

High pressure
concentrate return

. . Spectra Wat: kers, Inc, 2013,
Figure 30: Spectra Pearson Pump scheme for one cylinder (SPectr Watermakers, Inc, 2013)

The amount of permeate flow is defined by the volume of the cylinder taken up by the
plunger. Thus, the device provides constant recovery ratio of 20%, 30% and 50%, depending
on the size of the plunger. The Pearson Pump handles feed flows from 0.79-1.58 m>/day,
product flow rate from 0.16 up to 0.79 m*/h and pump speed of 750-1200 rpm (optimum
pump speed 900-1000 rpm). Feed pressure range of 0.69-1.72 bar is required. The power
consumption of the Pearson Pump ranges from 0.46-2.29 kW. The pump head is
manufactured from engineered composites and high quality stainless steel for extreme
corrosion resistance and oil filtration allows for long maintenance intervals.

QOil filter and pump

/ High pressure outlet
to membranes

High pressure
concentrate return

Low pressure concentrate 3
outlet to drain Low pressure inlet

. Spectra Wat kers, Inc, 2013
Figure 31: Spectra Pearson Pump {SPectra Watermakers, Inc, 2013)

3.2.1.4. Pressure exchangers with two valve controlled cylinders

These energy recovery devices work on the principle of positive displacement using two
separated cylinders in order to transfer the energy of the concentrate stream to the feed
water. The operation of these devices is controlled by electronically powered valves. The
configuration of the RO desalination system using this type of piston isobaric devices
includes an electronic boost pump.
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Figure 32: System configuration including the pressure exchangers with two valve controlled cylinders

Current manufacturers of multiple pistons isobaric devices include Calder (Dual Work
Exchanger Energy Recovery), KSB AG (SalTec DT), Aqualyng (Pressure Recuperator), RO
Kinetic (Tecnovalia), Siemag (PES).

Dual Work Exchanger Energy Recovery (DWEER), developed by Calder, works on the
principle of piston isobaric devices. Each unit consists of two pressure vessels, four check
valves and one LinX control valve. DWEER conserves energy by using the high pressure brine
stream to pressurise the feed water stream. Brine and feed streams are separated by a
piston in each vessel in order to ensure minimum mixing. Besides its high capital cost,
DWEER also requires a recirculating pump in order to boost the feed pressure equal to the
feed pump pressure. DWEER handles brine flows up to 350 m>/h per unit but not lower than
200 m*/h due to pulsations and vibrations occurring at lower flow rates. Greater flows can
be achieved by using multiple DWEER units in parallel. DWEER is claimed to recover up to
98% of the energy in the concentrate stream (Calder, 2013). Thus, the maximum overall
efficiency of DWEER is 98% (Guirguis, 2011).

Figure 33: Dual Work Exchanger Energy Recovery (DWEER) developed by Calder (%" 2°%3)

The Recuperator ERD (Figure 34), developed by Aqualyng, uses the energy of the
concentrate flow to pressurise pre-treated seawater in a sequential process regulated by the
concentrate flow from the RO membranes. The device consists of vertically standing pairs of
duplex stainless steel chambers that work alternatively in a compression-transfer and
decompression-discharge sequence. Pre-treated seawater comes from a pressurized feeding
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tank that keeps a constant flow and pressure into the system (Aqualyng, 2009). A booster
pump is needed in order to compensate for the pressure drop across the membranes (up to
2 bar) and the Recuperator (0.2-0.6 bar). Recuperator makes use of three valves in order to
control the flow and maintain it to the level required by the booster pump which circulates
the feed water to the membranes (LyngAgua, et al., 2001). The high-pressure pump required
is 60% smaller than the traditional technology, while the feed water and brine stream
achieve the same flow and pressure without mixing. However, high capital cost is required
(Guirguis, 2011). The maximum overall efficiency of the Recuperator is 92%-97% (Guirguis,
2011).

Figure 34: Aqualyng Recuperator A%V 2009

SalTec DT, developed by KSB, works on the principle work exchange. Two sizes of the device
are manufactured, DT160 and DT250, corresponding to nominal flow rates of 160 m>/h and
250 m>/h respectively. Both types can handle salinity up to 70,000 ppm pressure up to 80
bar and flow rate up to 280 m>/h.

Figure 35: KSB Pressure Exchanger SalTec DT (ksB, 2013)

3.2.2. Rotary Isobaric Energy Recovery Device

The high efficiency of a piston isobaric device and the operational simplicity of centrifugal
energy recovery devices are combined in the rotary isobaric device, first applied to the RO
systems in 1997. In a RO system equipped with a rotary isobaric device, the membrane
reject is directed to the membrane feed.
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Figure 36: System configuration including the rotary isobaric energy recovery device

The first commercial example is PX Pressure Exchanger developed by Energy Recovery Inc. A
rotor, moving between the high-pressure reject stream and a low-pressure feed water
stream, removes the brine and replaces it with the feed water. Pressure transfers directly
from the high-pressure brine stream to the feed water stream with no intervening piston in
the flow path (ERI, 2013). The feed water stream, nearly equal in volume to the brine
stream, then passes through a small booster pump, which makes up for the hydraulic losses
through the RO system. The absence of piston eliminates the friction and wear that occurs
on the pistons but also results in a slightly higher degree of mixing between the streams
than in a piston isobaric device (1 to 2.5%). Mixing is minimised with long, small diameter
chambers and short brine-feed water contact time (0.05 seconds) (Stover, 2006). The device
consists of few parts made of highly durable ceramic materials (alumina), including the
moving rotor enclosed with a pair of sealing end-covers. Ceramic is a corrosion resistant and
dimensionally stable material that withstands harsh saline environments. In addition, PX
achieves stable efficiency over wide range of recoveries. Finally, PX has a high capital cost.
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Figure 37: PX S Series Pressure Exchanger developed by Energy Recovery Inc. (R, 2013)

PX Pressure Exchanger is manufactured for various flow ranges. S Series includes nine
models designed for permeate flow rate from 4.5 m3/h (PX-30S) up to 45.4 m*/h (PX-300). Q
Series includes two models designed for permeate flow rate of 39.4 m*/h (PX-Q260) and
45.4 m*/h (PX-Q300). The minimum guaranteed efficiency, proposed by ERI, starts from
93.4% for PX-30 and reaches 97.2% for PX-Q300 (ERI, 2013). The maximum efficiency of the
PX Pressure Exchanger is estimated at 98% (Guirguis, 2011).
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PX-30 45-6.8 4.5 93.4

PX-45 6.8-10.2 6.8 94

PX-70 9.1-15.9 10.6 95.3
PX-90 13.6-20.4 13.6 96

PX-140 20.4-31.9 21.2 94.8
PX-180 22.7-40.9 27.3 96.7
PX-220 31.9-49.9 333 96.8
PX-260 40.9-59 394 96.8
PX-300 45.4-68.1 45.4 96.8
PX-Q260 40.9-59 394 96.8
PX-Q300 45.4-68.1 45.4 97.2

Table 2: PX Pressure Exchanger Devices operating parameters (ER, 2013)

Another commercial example of rotary isobaric energy recovery device is the X-Changer
developed by Grundfos. The X-changer works on the working principle as the ERI pressure
exchanger and hence the system requirements and configuration are the same. The outlet
feed pressure before the boost pump is 4-5 bar.

Figure 38: Grundfos X-Changer with two energy recovery units (Grundfos A/S, 2013)

Finally, the iSave pressure exchanger (Figure 39a), developed by Danfoss, is also a rotary
isobaric energy recovery device and works on the same principle as the PX Pressure
Exchanger. However, it is provided directly coupled with built-in booster pump and electric
motor (Figure 39c). The boost pump consists of a rotor with vanes and works on the
principle of positive displacement (Figure 39b). Hence, its rotational speed is proportional to
the flow rate. The iSave 21 handles flow rate in the range of 7-21 m>/h and iSave 40 handles
flow rate in the range of 22-41 m*/h. Pressure ranges from 10-82 bar and efficiency reaches
93% for both models.
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Figure 39: Danfoss iSave (P2 2013)

3.3. Inverse positive displacement pump

Seawater pump with energy recovery device (SWPE), developed by Danfoss, uses an Axial
Piston Pump (APP) as a high pressure boost pump and an inverse APP, namely an Axial
Piston Motor (APM), as an energy recovery device. The APP is a rotating positive
displacement pump that pressurises the feed water using the rotary mechanical energy
provided by the shaft (Figure 40). Inversely, the APM rotates using the energy of the inlet
high pressure brine stream.

- - - B
I L] W
— T

i :
v N v
E o m—- gy

Figure 40: Axial Piston Pump developed by Danfoss °2"fs 2013

In SWPE, the APP and the APM are both connected to a double shafted electric motor
(Figure 41). SWPE cannot be classified in pressure exchangers since the energy extracted
from the concentrate in the APM is converted to rotary mechanical energy which is used to
drive the APP. As both the APM and the APP have fixed volumetric displacement, the
recovery ratio is fixed between 28-32%. The SWPE requires inlet feed flow rate in the range
of 0.5-1.25 m>/h (at 1450 rpm of the APP/APM) and 1.05-2.55 m?/h (at 2900 rpm), inlet feed
pressure between 0.5-5 bar, inlet brine pressure between 10-80 bar, outlet feed pressure in
the range 20-80 bar and outlet brine pressure in the range 0.5-5 bar. It delivers permeate
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flow rate of 0.14-0.4 m?/h (at 1450 rpm of the APP/APM) and 0.3-0.82 m>/h (at 2900 rpm).
The feed and the permeate flow rate increases with higher rotational speed of the shaft. The
power delivered by the electric motor ranges from 1.1 to 2 kW (at 1450 rpm) and from 2.2
to 3 kW (at 2900 rpm).

Feed
pump RO membranes

Low-pressure

\/A;P\ ——> Permeate
feed water W
ERD

High-pressure
concentrate

Low-pressure /AI;M\

concentrate \\_/\

Figure 41: System configuration including Seawater pump with energy recovery device

(Danfoss, 2013)

(Danfoss, 2013)

Figure 42: SWPE developed by Danfoss

3.4. Comparative overview

The operating parameters and other characteristics and limitations of the ERDs, discussed in
this chapter, are summarized at the following table.
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ERD type Feed flow rate (m3/h) Brine f|3ow rate Inlet brine Recovery ratio Feed water salinity Max. overall Electronic Motorised Main pressure Price (€)
(m>/h) pressure (bar) (%) efficiency (%) control boost pump | pump required
Hydraulic to mechanical-assisted pumping
Francis turbine Electricity generation High/ Medium Low/ Medium Not specific Brackish/ Seawater 53 & No No HP -
a Pelton turbine Electricity generation Low/ Medium High/ Medium Not specific Brackish/ Seawater 57 & No No HP -
% ERT, Calder Electricity generation 15-1,200 <80 20-50 Brackish/ Seawater 60 8™ No No HP 25.000 - 30.000
g” Hydraulically driven pumping in series
'*E LPT, ERI 6.8 -908 - <45 - Brackish - No No MP -
S HTC AT, ERI 11-2,272 - 45 - 80 - Brackish/ Seawater - No No MP -
HPB, FEDCO 3.5-3,500 0.9-2,800 <80 25 Brackish/ Seawater 64 - 85 No No MP 6,340-12,133
BMET, Grundfos 4-130 2.64-85.8 <80 <34 - - No No HP -
ERD type Feed flsow rate Permeatea flow Inlet feed Recovery ratio Feed water salinity M-a)f. overall Electronic Motorised Main press.ure Price (€)
(m°/h) rate (m°/h) pressure (bar) (%) efficiency (%) control boost pump | pump required
Piston Isobaric ERD
Power Survivor 0.06 -0.13 0.006 -0.013 - 10 * Seawater 98.4 No Included No 2,965 - 3,346
_qg " Clark Pump 0.4-0.9 0.02-0.15 42-12.6 7-20* Seawater 97 No No MP 1,777.78
% .“.é Schenker ERD 0.35-1.43 0.035-0.21 8-12 10-14.67 * Seawater - No No MP 3,300
o % ST-08-PRO 0.3-0.89 0.03-0.09 10-19 10-20* Seawater - No No MP -
o é ~ | EfficientSea 0.3-0.78 0.03-0.09 6-15 Seawater - No No MP -
géo jg < Pearson pump 0.79-1.58 0.16 -0.79 0.69-1.72 20,30,50* Brackish/ Seawater - Piston No LP -
-E: 8 —i ERS, Enercon - - - 25 * Brackish/ Seawater - Yes No MP -
o o | VARI-RO IPER - - - - - - Valve - -
% 5 DWEER, Calder 200 — 350 (brine) (164 — 286) <75 (45) Seawater 98 Valve Required HP -
& é Recuperator 20-417 - - - Brackish/ Seawater 92 -97 Valve Required HP -
: SalTec DT, KSB 160 - 280 - <4 - Seawater - Valve Required HP -
Rotary Isobaric ERD
PX, ERI 11.2-113.5 45-45.4 - (40) Seawater 98 No Required HP -
X-changer, Grundfos 39,77, 116, 155 21,42,63, 84 3-5(<70) 35 Brackish/ Seawater - No Required HP -
iSave, Danfoss 7-41 >7 10-82 - Seawater 93 No Included HP -
Seawater Pump, Danfoss 0.5-2.55 0.14-0.82 0.5-5 29-32 % Seawater - - Included LP 3,050

Table 3: Overview of the characteristics of the ERDs examined

gen

*: fixed recovery ratio

:including turbine, generator, motor and pump efficiency
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4. Compatibility with desalination system constraints

In Chapter 4 the constraints set by the examined renewable-driven RO desalination system
are presented and energy recovery technologies that apply to these requirements are
suggested.

4.1. System requirements

The energy recovery device should be able to deliver production flow rate in the range of 1-
100 m*/day (0.04-4.17 m?/h). In addition the energy recovery device should provide the RO
membranes with feed water pressurised at least at 8 bar and up to 60 bar (pressures of 8,
12, 16, 40, 50, 60 bar will be examined). The recovery ratio should take values between 15-
50%.

Moreover, the reference RO system is powered by renewable energy sources which
fluctuate over time. A buffer system is able to provide medium pressure feed water. When
power supply is not available the buffer system is able to provide water for the RO system.
Thus, a constant water pressure is delivered, resulting in the continuous operation of the
energy recovery device. Furthermore, the energy generated by renewable energy sources
won’t be available continuously. As a result the energy recovery device should not require
auxiliary power supply, unless the power consumption (e.g. control of the device) is so
limited that the use of a small battery pack can be considered. Besides that, since the energy
recovery device is an important cost driver of the complete system, it has to be a cost
effective solution.

Thus, the main constraints deriving from the reference system are:

e Permeate flow rate in the range of 0.04-4.17 m>/h
e Feed pressure between 8-60 bar

e Recovery ratio between 15-50%

e No additional power supply required

4.2. ERDs selection

According to Table 3, centrifugal ERDs require neither motorised boost pump nor electronic
control. At hydraulic to mechanical assisted pumping, the turbine-driven pump requires
additional shaft power that is provided by a motor. However, as mentioned above,
additional power supply is not applicable for the reference system, so attention is paid only
to turbine-driven generators that power a motorised pump. In addition, turbochargers
require a medium-pressure main pump. Moreover, the efficiency of turbochargers is higher
than that of Francis-driven generators and similar to that of Pelton-driven generators. It
should be noted that turbine-driven generator efficiency includes the generator and motor
efficiency too, while the turbocharger efficiency only includes the turbine and the pump
efficiency.
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Pressure exchangers with two double-acting cylinders deliver the required permeate flow,
do not need additional power supply and use a medium pressure pump in order pressurise
the feed water.

Although, the Pearson Pump and the Seawater pump with energy recovery device provide
very low permeate flow rate and require low feed pressure, they both require additional
power supply to operate their boost pump.

Pressure exchangers with two valve controlled cylinders and rotary isobaric ERDs are
excluded due to the system configuration required (Figure 32, Figure 36). The high pressure
pump, that delivers high pressure feed water to the RO membranes, needs to operate
continuously. However, as already mentioned, the power supply is not constantly provided
by the renewable energy source. It must be outlined that, despite the additional power
supply needed, iSave does provide low permeate flow rate.

Moreover, the system configuration of the BMET, developed by Grundfos, also requires the
high pressure pump to operate continuously and thus this ERD is excluded too.

Thus, turbine-driven generators, turbochargers and pressure exchangers with two double-
acting cylinders respond more adequately to the reference system characteristics. Since the
Pelton turbine efficiency is higher than the efficiency of the Francis turbine, the Pelton-
driven generator and the Pelton-driven pump are further evaluated. In addition, the Pearson
Pump and the Seawater pump with energy recovery device also meet the system
requirements and they may have such working characteristics that in principle zero power
consumption can be accomplished by increasing the inlet pressure. Further investigation is
therefore required for both the pressure exchanger with three double-acting cylinders and
the use of inverse positive displacement pump as a motor.

Consequently, the possibilities provided by the following energy recovery technologies
should be further investigated:

e Pelton-driven generator

e Pelton-driven pump

e Pressure exchanger with two double-acting cylinders
e Pressure exchanger with three double-acting cylinders
e |nverse positive displacement pump
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5. Evaluation of energy recovery concepts

In this chapter the five energy recovery designs suggested in Chapter 4 are presented and
evaluated according the six criteria set.

The selected ERDs are evaluated according to their energy efficiency, power and pressure
requirements, energy autonomy, operational stability, cost effectiveness and manufacturing
complexity. In order to examine the operating range specified in the previous chapter,
permeate flow rate of 5, 50 and 100 m?/day and recovery ratio of 20% and 40% are used in
the calculations made for the selected ERDs. At the following table the selected values of
permeate flow rate, Q,, are given in m>/hr and the correspondent feed flow rate, Q;, and the
brine flow rate, Qy, are provided for recovery ratio, RR, of 20% and 40%.

RR (%) 20 40

Qp (m°/h) 417 | 2.08 | 021 | 417 | 2.08 | 0.21
Qf (m*/h) 20.83 | 10.42 | 1.04 | 10.42 | 5.21 | 0.52
Qb (m*/h) 16.67 | 833 083 | 6.25 | 3.13 | 0.31

Table 4: Flow rate and recovery ratio examined values

As mentioned in the first chapter, the operating pressure for brackish water RO desalination
ranges from 10-30 bar, while for seawater from 40-80 bar (Charcosset, 2009). Therefore,
feed pressure (ps) of 8 bar, 12 bar and 16 bar is examined for the case of brackish water RO
desalination and pressure of 40 bar, 50 bar and 60 bar is examined for seawater RO
desalination.

In order to derive a realistic estimation of the pressure drop in the RO membranes the
Reverse Osmosis System Analysis (ROSA), developed by the Dow Chemical Company, is used.
Assuming salinity of 8,000 ppm for brackish water and 40,000 ppm for seawater, the
membrane pressure drop is calculated for the selected flow rates and recovery ratios. The
type and the configuration of the membrane elements are selected with the aim to deliver
permeate TDS lower than 400 ppm and permeate flux around 20 Imh. As it is shown in the
following tables a mean pressure drop of 0.3 bar can be assumed for brackish water and 0.4
bar for seawater.

Qp Qf Qb Configuration Permeate pf pb Permeate | Membrane
mih) | RO 3 | min) | MM | essels-elements | flux (imh) | (bar) | (bar) | TDS (me/l) | ap (bar)
0.21 20 1.04 0.83 LC LE-4040 1-2 12.03 9.7 9.53 255.54 0.17
2.08 20 10.42 8.33 LE-440 2-2 12.72 10.18 | 9.97 246.12 0.21
4.17 20 20.83 16.67 LE-440i 2-2 255 13.51 | 12.94 130.22 0.57
0.21 40 0.52 0.31 BW30-2540 1-3 26.91 18.76 | 18.33 104.05 0.43
2.08 40 5.21 3.13 LE-440i 1-3 16.96 12.95 | 12.69 227.56 0.26
4.17 40 10.42 6.25 LE-440i 2-3 17 12.96 | 12.69 227.07 0.27
Mean membrane pressure drop for BW 0.32

Table 5: Membrane pressure drop for brackish water desalination (8,000 ppm)
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Qp Qf Qb Configuration Permeate pf pb Permeate | Membrane
(m*/h) RR (%) (m*/h) | (m*/h) Element Vessels-elements | flux (Imh) | (bar) | (bar) | TDS (mg/I) Ap (bar)

0.21 20 1.04 0.83 SW30-4040 1-2 14.17 50.28 | 50.18 354.01 0.10
2.08 20 10.42 8.33 SW30ULE-400i 2-2 13.99 48.13 | 47.89 402.11 0.24
4.17 20 20.83 16.67 SW30ULE-440i 2-2 255 57.72 | 57.13 229.88 0.59
0.21 40 0.52 0.31 SW30-2540 1-4 20.18 64.98 | 64.4 611.57 0.58
2.08 40 5.21 3.13 SW30HRLE-370/34i 1-6 10.08 59.07 | 58.74 295.44 0.33
4.17 40 10.42 6.25 SW30XLE-400i 2-4 12.76 59.72 | 59.37 297.10 0.35

Mean membrane pressure drop for SW 0.36

Low-pressure
feed water

Table 6: Membrane pressure drop for seawater desalination (40,000 ppm)

Taking into account the pressure drop across the membranes, the brine pressure (p) is also

calculated, py, = Prout — Ap.

Table 7: RO membranes feed pressure and brine pressure examined values

pfout (bar) | Ap (bar) pb (bar)
38 7.7
12 0.3 117
16 15.7
40 39.6
50 0.4 49.6
60 59.6

5.1. Pelton-driven generators

Low-pressure
concentrate

High-pressure

RO membranes

High-pressure

pump feed water
—
Permeate
Motor High-pressure
| ERD concentrate
Generator

ﬁ Pelton turbine

Figure 43: Pelton-driven generator connected to motorised pump

5.1.1. Energy efficiency

The advantage of the configuration with a Pelton-driven generator that powers the

motorized pump is that the Pelton wheel and the pump impeller may rotate with different

rotational speeds. In addition, the frequency of the motor of the pump is not restricted by

the generator. Since the characteristics of each component may be differentiated, they may
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selected appropriately in order maximise its efficiency. In order examine the maximum
possible overall efficiency of the energy recovery device, high values of the efficiency of each
component are taken into account.

5.1.1.1. Pelton turbine

In order to estimate the overall efficiency of a Pelton turbine-driven energy recovery device,
focus should first be led on the flow characteristics of the jet stream directed onto each
blade of the Pelton wheel. The velocity of the jet stream ejected by the nozzle is c; and the
blade speed is U, so that the relative velocity at the entry is w; = c; — U. At the exit from
the bucket, one half of the jet stream flows away with a relative velocity w, and at an angle
B, to the original direction of the flow (typical value of 3, is 165°), as shown in the velocity
diagram (Figure 44). From the velocity diagram the much smaller absolute exit velocity c is
determined (Dixon, 2005).

Blade

Direction of
u . Wi blade motion

z e

LW

Nozzle

n-g2- U ce2

Figure 44: Relative and absolute velocities of the flow ejected onto each blade of the Pelton wheel (only one
. . . (Dixon, 2005)
half of the emergent velocity diagram is shown)

5.1.1.1.1. Noazzle efficiency

For a perfect nozzle, with no losses, the Bernoulli’s equation between the nozzle inlet and
the jet is:

o c?

hg+——+2zy=h; +—+2

0T5 g 0 175 ‘g 1
Where hy is the pressure head before the nozzle, ¢ is the water velocity at the nozzle inlet,
Zo is the height of nozzle centreline, h; is the pressure head in the jet and z, is the height of
jet centreline (Thake, 2000). Since z, = z; and h; = 0 (atmospheric pressure), the equation

becomes:

2 2
Co C1
hy + —=Hg =-—
) g E™2 g

=c; =,/2-g Hg [13]

Hg is the effective head (or delivered head) at the nozzle inlet. In practice, the nozzle is not
perfect and the losses are accounted by the velocity coefficient, C,, so using equation 13
and 15 the actual velocity in the jet is:
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¢ =Cy-y2-g-Hg 4

Assuming an inlet nozzle diameter d, = 0.04m, the inlet velocity to the nozzle, c, is
calculated using the brine flow rate Qy,:

Qb

(x-%)

Assuming a velocity coefficient C, = 0.98 and calculating the pressure head of the brine
stream hy = pp/y (v = 9.8 kN/m3), the outlet velocity of the nozzle, ¢4, is calculated
according to equation 14:

C0=

P Qf (m’/h)
20.83 10.42 1.04 10.42 5.21 0.52
8 38.65 38.52 38.48 38.50 38.48 38.48
12 47.57 47.46 47.43 47.45 47.44 47.43
E 16 55.07 54.97 54.94 54.96 54.95 54.94
§ 40 87.33 87.28 87.26 87.27 87.26 87.26
E 50 97.72 97.67 97.66 97.67 97.66 97.66
60 107.11 107.06 107.05 107.06 107.05 107.05

Table 8: Nozzle outlet velocity, c1 (m/s)

The volumetric flow rate is the same at the nozzle inlet and outlet:
d(z) d% Co
Q=A0'C0=A1.C1:>(T[.T)'CO=(T['T).C:l:)dl= C—'do [15]
1

Hence, using equation 14 the outlet nozzle diameter, d4, is calculated:

d1 (cm) Qi il
2083 | 1042 1.04 10.42 5.21 0.52
8 124 0.87 0.28 0.76 0.54 0.17
| n 111 0.79 0.25 0.68 0.48 0.15
S| 16 1.03 0.73 0.23 0.63 0.45 0.14
5 0 0.82 0.58 0.18 0.50 0.36 0.11
s[5 0.78 0.55 0.17 0.48 0.34 0.11
60 0.74 0.52 0.17 0.45 0.32 0.10

Table 9: Nozzle outlet diameter, d1 (cm)

A lower limit is set at d; = 0.1 cm related to the nozzle manufacturing feasibility and the
size of the Pelton wheel (moment of inertia). Therefore, the use of nozzle is applicable in all
cases, as it can be seen in the above table.

Furthermore, the ratio of the outlet nozzle diameter to the inlet nozzle diameter A = d, /d,
is calculated:
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o Co (m/s)

3.68 1.84 0.18 1.38 0.69 0.07

79 0.31 0.22 0.07 0.19 0.13 0.04

119 0.28 0.20 0.06 0.17 0.12 0.04

= 160 0.26 0.18 0.06 0.16 0.11 0.04
o 404 0.21 0.15 0.05 0.13 0.09 0.03
506 0.19 0.14 0.04 0.12 0.08 0.03

608 0.19 0.13 0.04 0.11 0.08 0.03

Table 10: Nozzle diameter ratio, A

As it can be observed in the following figure, diameter ratio A increases with higher inlet

velocity and lower pressure head. Higher values of A are preferred since they lead to higher

outlet velocity.

0,35

0,30 A

///: ——h0=79 m

g —8—h0=119 m
® 0,20 —x
q:, —4—h0=160 m
=]
g 015 1 ——h0=404 m
©
a _
0,10 —%—h0=506 m
/ h0=608 m
0,05 +—;
0,00 T T T T T T T 1

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

Inlet nozzle velocity, c0 (m/s)

Figure 45: Diameter ratio A as a function of inlet velocity c, for different values of brine pressure head h,

As it can be observed in the following table, the outlet diameter of the nozzle in the case of
permeate flow rate of 0.21m3/h for both RR =20% (Qf= 1.04m3/h) and 40%
(Qf = 0.52m3/h) needs to be from 14 up to 39 times smaller than the inlet diameter of the

nozzle.
N Qf (m’/h)

20.83 10.42 1.04 10.42 5.21 0.52

8 3.24 4.57 14.45 5.28 7.46 23.60

12 3.59 5.08 16.05 5.86 8.29 26.20

'g 16 3.87 5.46 17.27 6.31 8.92 28.20

qe-';_ 40 4.87 6.88 21.76 7.95 11.24 35.54

50 5.15 7.28 23.02 8.41 11.89 37.60

60 5.39 7.62 24.11 8.80 12.45 39.37

Table 11: Inverse nozzle diameter ratio, 1/A
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The nozzle efficiency represents energy losses that occur in the nozzles.

Nozzle efficiency, Ny = energy at nozzle exit (jet)/energy at nozzle inlet

o (cf/2-g)

W= e +c2/2 9
(cz/2-g)

=>nN=C%/2'g'HE [16]

=1y =C¢

Therefore in order to achieve high nozzle efficiency a nozzle with high velocity coefficient
needs to be chosen. The velocity coefficient C, = 0.97 for a 60° rounded nozzle and for a
rounded orifice and C, = 0.98 for 14° tapered nozzle and a sharp-edged orifice (Thake,
2000). The diameter ratio of a 14° tapered nozzle A = 0.4 and the nozzle length Lygz51e =
6 - d,. According to equation 14 c; = A% - ¢; = ¢; = 6.25 * ¢;. In addition, a nozzle with low

diameter ratio A is preferred, since it results to high outlet velocity. Furthermore, a highly
efficient nozzle needs to be as short as possible, in order to minimize friction losses, while its
shape has to provide a smooth transition from the inlet diameter to the outlet diameter, as
shown in the following figure.

do d1

Lnozzle

N
!

Figure 46: Required nozzle

The number jets, and hence nozzles, does not influence the power output or the efficiency
of the Pelton wheel since the same inlet hydraulic energy is subdivided in many streams
which exert lower forces on each blade of the wheel and subtracted result to the same
overall torque and rotational speed as the one that would be generated by the total inlet
stream. However, multiple nozzles are needed since they provide an even distribution of the
forces on the wheel that ensures the non-pulsate operation of the wheel and facilitates its
angular acceleration at the beginning of its operation (moment of inertia). Therefore, at
least four nozzles should be used.
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5.1.1.1.2. Runner efficiency

Using Euler’s turbine equation, the specific work done by the water is:

w
Aw=E=U1'C91_U2'C92>O

For the Pelton turbine, U; = U, = U, cg; = ¢4 and cg; = U + w, - cos 3,. So:

AW =U-(c; —U)-(1—f-cosBy)
where f = w,/w; < 1 is the friction factor and represents the effect of friction on the fluid
inside the bucket. In practice, the value of f is usually found to be between 0.8 and 0.9. The

friction factor f is defined by the Reynolds number Re and the absolute roughness
coefficient k through Moody diagram.

The density of water is p = 998 kg/m3 and the dynamic viscosity u = 1.002- 1073 Pa-s.
The Reynolds number is calculated:

‘cq+d
Re = pPrCi 0y
1
. af (m*/h)
e
20.83 10.42 1.04 10.42 5.21 0.52

8 4.77E+05 | 3.37E+05 | 1.06E+05 | 2.92E+05 | 2.06E+05 | 6.52E+04

12 5.30E+05 | 3.74E+05 | 1.18E+05 | 3.24E+05 | 2.29E+05 | 7.24E+04

16 5.70E+05 | 4.03E+05 | 1.27E+05 | 3.49E+05 | 2.46E+05 | 7.79E+04

40 7.17E+05 | 5.07E+05 | 1.60E+05 | 4.39E+05 | 3.11E+05 | 9.82E+04

pfout (bar)

50 7.59E+05 | 5.37E+05 | 1.70E+05 | 4.65E+05 | 3.29E+05 | 1.04E+05

60 7.95E+05 | 5.62E+05 | 1.78E+05 | 4.86E+05 | 3.44E+05 | 1.09E+05

Table 12: Reynolds number, Re
Since the Reynolds number is considerably high in all cases, the friction losses are
insignificant so the friction factor can be assumed to take the value f = 0.9.

Furthermore, due to the shape of the buckets, during the operation of the Pelton wheel, the
inlet jet is directed to the following bucket as soon as it stops exerting force to the
precedent one. Therefore, no losses occur at this transition and the number of buckets of
the Pelton wheel is assumed to be the maximum attainable one (12-16 buckets).

The runner efficiency ng represents the effectiveness of converting the kinetic energy of the
jet into the mechanical energy of the runner.

Runner efficiency, ng = AW/G- c%) [17]
Using the blade speed to jet speed ratio, v = U/c4, the runner efficiency is written:
1
R = U+ (e =0 (1= F-cos )/ (5
>Nrg=2'v-(1—-v)-(1—f-cosPB,)

The variation of the runner efficiency with blade speed-jet speed ratio v for assumed values
of f =0.8,0.9 and 1.0 and 3, = 165° is shown in the following figure.
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Runner efficiency, nR(%)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Blade speed-jet speed ratio, v

Figure 47: Runner efficiency nR as a function of blade speed-jet speed ratio v

Thus, it can be derived that maximum efficiency of the runner occurs whenv = 0.5:
NRmax — (1 —f-cos BZ)/Z

By substituting B, = 165° and f = 0.9, the maximum efficiency of the Pelton runner is
calculated:

NRmax = 93%
5.1.1.1.3. Mechanical efficiency

The mechanical efficiency is related to the energy deficit between the runner and the shaft

caused by external losses, such as bearing friction and “windage” losses inside the casing of
the runner.

Mechanical efficiency, N, =1— (2-K-v¥/ng) =1 — (K-U%/AW) [18]

Where K is a dimensionless constant of  proportionality used to
express loss/unit mass flow = K - U2.

By using the blade speed to jet speed ratio, v, the mechanical efficiency is written:

Mm=1-(K-U%/(U-(c; —U)- (1 —f-cosBy)))
K

(E-1) -t cosp)

SNm=1-

5.1.1.1.4. Overall efficiency

The overall efficiency of the Pelton turbine is defined as:
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mechanical energy available at output shaft in unit time

Mo = maximum energy difference possible for the fluid in unit time

It can be calculated as the product of the hydraulic efficiency 1, and the mechanical
efficiency n,. And since for Pelton turbines the hydraulic efficiency 1y, equals to the product
of the efficiency of the runner ng and the nozzle efficiency ny:
Mo =MNh " Nm =NR NN "Nm  [19]

Thus, the overall efficiency of the Pelton turbine can be written as:

Mo =Tn-(Mr—2-K-v¥) =(@AW-K-U?)/g-Hg  [20]
The peak overall efficiency is progressively reduced as the value of K is increased and occurs
at lower values of v than the optimum determined for the runner (v < 0.5) (Dixon, 2005).
Using equation 15 Hg = c#/(C2 - 2 - g) the overall efficiency is written:

No = (AW —K-U?)/g- Hg

S5No=2'C2-(v-(1-v)-(1—f-cosB,)—K-v?) [21]
Assuming values of K= 0,0.2 and 0.4 and 3, = 165°, f = 0.9 and C, = 0.98 the variation
of the overall efficiency with blade speed-jet speed ratio is derived.
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Figure 48: Overall efficiency ng as a function of blade speed-jet speed ratio v

The peak overall efficiency is achieved at lower blade speed-jet speed ratio for higher
mechanical losses. In order to determine an average value of the overall efficiency of the
Pelton turbine, it is assumed that the blade speed to jet speed ratio takes a typical
valuev = 0.45and K = 0.2.

=1, = 0.81

According to equation 23 the overall efficiency of the Pelton turbine is dependent on the
blade speed-jet speed ratio v, the velocity coefficient C,, the bucket angle 3,, the friction
factor k and the windage coefficient K. C, = 0.98 is provided by the 14° tapered nozzle. A
typical bucket angle is 3, = 165°. The friction factor f is assumed to be f = 0.9 and the
windage coefficient K = 0.2. The external losses described by the windage coefficient can
reach the value of 10%. The blade speed-jet speed ratio is assumed to take the value
v = 0.45.
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5.1.1.2. Motor

Depending on size and type motors are usually 80-95% efficient. The efficiency of a
particular motor is provided by the manufacturer (Spellman, et al., 2001). According to DP
Pumps (Duijvelaar Pompen, 2013), the efficiency of the motor of the pump can be even
higher than 95%. Therefore, the motor efficiency is assumed to be 95%. Using this efficiency
the motor power output is calculated. Then, taking into account the motor power output
and the rotational speed of the pump (Table 18), the matching motor efficiency is selected
(Brook Crompton, 2013). Using this efficiency the motor power output is redefined and the
efficiency calculation continues until the power output remains the same. Subsequently, the
motor efficiency is presented.

- Qf (m/h)
2083 | 1042 | 104 | 1042 | 521 | 052
8 84 82 54 78 62 45
| 87 84 55 82 70 46
S| 90 85 57 83 76 47
= 40 92 89 72 88 85 58
=1 5o 93 90 73 90 85 59
60 93 91 79 90 86 60

Table 13: Motor efficiency, nm (%)

5.1.1.3. Generator

Peak efficiencies of generators at full output vary from 55% to almost 80% (Bradfield, 2008).
The efficiency of the generator may exceed 80% but since no gearbox is used between the
Pelton turbine and the generator the generator may run at lower speed resulting to lower
peak efficiency and therefore the efficiency of 80% is taken account. Using this efficiency the
generator power output is calculated. Taking into account the generator power output and
the rotational speed of the Pelton turbine (Table 23), the correspondent motor efficiency is
selected (Brook Crompton, 2013). A 5% reduction is assumed since induction machines have
lower efficiency when used as generators (Smith, 2008). Using the derived generator
efficiency the generator power output is redefined and the efficiency calculation continues
until the power output remains the same. Subsequently, the generator efficiency is

presented.
af (m°/h)
ne (%)
20.83 10.42 1.04 10.42 5.21 0.52
8 79 74 49 73 60 40
. 12 82 78 48 75 66 41
.:;'; 16 85 81 56 78 71 42
:Ci_; 40 88 85 69 84 80 53
= 50 88 86 70 85 81 55
60 88 87 74 85 82 56

Table 14: Generator efficiency, ne (%)
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5.1.1.4. Pump

In the case Pelton-driven generator connected to a motorised pump various types of pumps
are applicable according to the flow rate and the pressure head required. Different types of
centrifugal pumps may be applied such as single stage pumps and multistage pumps. In
addition, positive displacement pumps are also applicable, such as axial piston pumps.

The efficiency of the centrifugal pump is calculated:

n; =ngy, Ny - Ny
The mechanical efficiency, n,,, accounts for the bearing, stuffing box, and all disk friction
losses including those in the wearing rings and balancing disks or drums present. The
volumetric efficiency, n,, accounts for leakage through the wearing rings, internal labyrinths,
balancing devices and glands. The hydraulic efficiency, ny,, accounts for friction losses in all

through flow passages, including the suction elbow or nozzle, impeller, diffusion vanes,
volute casing, and the crossover passages of multistage pumps (Karassik, et al., 2008).

The efficiency of a centrifugal pump as well as the capacity (flow rate), the total head and
the power required by the pump are shown on the pump curve which is provided by the
manufacturer. The characteristics of the pump are related to each other. The pump
efficiency changes as the head against which the pump is working changes, as the power
supplied to the pump changes and as the flow rate changes (Spellman, et al.,, 2001). In
addition, centrifugal pumps that operate at higher range of flow rate have higher efficiency.
The peak efficiency of centrifugal pumps proposed by manufacturers varies between 30-
80%.

As observed in Figure 49, the efficiency of centrifugal pumps decreases with lower feed flow
rate. Therefore, centrifugal pumps are mostly applicable for low recovery ratio and high
permeate flow rate that result to high feed flow rate.
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2013)

Multistage pumps have higher efficiency than single stage pumps. In addition, multistage
pumps deliver higher pressure head and handle lower flow rate than single stage pumps.
Hence, multistage pumps, which reach their peak efficiency at the selected values of feed
flow rate, are chosen. Their efficiencies are presented below (Duijvelaar Pompen, 2013).

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
n1 (%) 71 67 34 67 60 25

(Duijvelaar Pompen, 2013)

Table 15: Multistage centrifugal pump efficiency

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
DP Series 32 16 2 16 4 2
N (rpm) 2900

Table 16: DP multistage centrifugal pumps {P*ivel22r Pompen, 2013)

On the other hand, piston pumps are proposed to deliver peak efficiency from 61% up to
90% (Grundfos A/S, 2013). In addition, piston pumps deliver much higher pressure build-up
(around 100 bar) and have higher efficiency than centrifugal pumps, but handle lower flow
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rate. Furthermore, the flow rate is dependent on the rotational speed of the piston pump.

Grundfos Booster Module Piston (BMP) Pumps series BMP-R, developed for sea water

applications, deliver rated pressure build-up of 80 bar and handle flow rate up to 10.2 m*/h.

As it is shown in Figure 50, the performance curve of piston pumps is linear, constant

pressure head is delivered at any flow rate. Since in the case of the energy recovery device

the required pressure head is lower than the rated pressure head provided by the piston

pumps, it is assumed that for lower pressure head delivered the efficiency remains the

same.
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Figure 50: Performance curve of piston pump (6rundfos #/5,2013)
The efficiency of piston pumps at the selected feed flow rates are presented below.
af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
nl (%) - 81 89 81 76
Table 17: Axial piston pump efficiency (€ndfos #/5,2013)
Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
BMPE (50Hz) - 10.2R 1.0R 10.2R 5.1R 0.6R
N (rpm) - 700, 1800 | 700, 3000 | 700, 1800 | 700, 1800 | 700, 3000

Table 18: Grundfos BMPE piston pumps

(Grundfos A/S, 2013)

The peak efficiency of 89% is achieved at 1.04 m3/h while the maximum attainable feed

flow rate for piston pumps is 10.2 m3/h and hence piston pumps cannot handle feed flow

rate of 20.83 m3/h. Therefore, piston pumps are suggested for low feed flow rates.
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5.1.1.5. Gearbox

The efficiency of gear units is mainly determined by the gearing and bearing friction.
Different gear types exist that deliver different gear ratios. The gear ratio is the ratio of the
input gear rotational speed to the output gear rotational speed.

Spur gearing, the most common gear type, is a parallel shaft arrangement that handles low
gear ratios and provides much higher efficiency than other gear types. Straight bevel gearing
is similar to spur gearing with perpendicular shaft arrangement. As in the case of spur
gearing, straight bevel gearing delivers only low gear ratios with high efficiency. Because of
the different tooth shape, spiral bevel gearing delivers less noise and vibrations compared to
straight bevel gears, resulting to higher efficiency. The efficiency of helical, parallel shaft and
helical-bevel gear units varies with number of gear stages, between 94% (3-stage) and 98%
(1-stage). The efficiency of worm gearing can be significantly low due to the different
configuration of the gears. Cycloid gearing can work at high efficiency at relatively high gear
ratios, above 30:1. Hypoid gearing is also designed for high gear ratios. The gear ratio and
the efficiency of the aforementioned gearing types are presented at the following table.

Type Gear ratioR Efficiency ng (%)
Spur 1:1to6:1 94-98
Straight bevel 3:2to5:1 93-97
Spiral bevel 3:2to 4:1 95-99
Helical 3:2to 10:1 94-98
Worm 5:1to 75:1 50-90
Cycloid 10:1 to 100:1 75-85
Hypoid 10:1 to 200:1 80-95

Table 19: Gearbox efficiency comparison

In the case of Pelton-driven generator, the generator used is available at different rotational
speeds between 750 rpm and 3,000 rpm, while the Pelton turbine rotational speed ranges
from 827 rpm to 2301 rpm. Hence, the difference between the rotational speed of the
Pelton turbine and the generator is minor and no gearbox is used at this configuration.

In the case of Pelton-driven pump (Paragraph 5.2) the use of gearbox is considered since
both the Pelton turbine and the pump are critical components that define the operational
stability of the energy recovery device and RO process. In the case of Pelton-driven
centrifugal pump, the centrifugal pump rotates with 2900 rpm (Duijvelaar Pompen, 2013),
while the rotational speed of the Pelton turbine ranges between 827 rpm and 2301 rpm. In
the case of Pelton-driven piston pump, the rotational speed of the piston pump is 700 rpm,
1800 rpm and 3000 rpm for the examined feed flow rates (Table 18), while the rotational
speed of the Pelton turbine ranges between 827 rpm and 2301 rpm.

Taking into account all cases, the gear ratio required ranges from 1:1.26 to 1:3.63, while the
highest power input of the gearbox is 22.37 kW. Therefore, a speed increaser designed for
low gear ratios and low power input is required. Spur and helical single stage gearboxes can
be applied as speed increasers with maximum gear ratio of 1:4. As long as the input and
specifications of the reducer gearbox match with the specifications of the increaser
application, the same efficiency is assumed. Hence, it is assumed that a single stage spur
gearbox is used as speed increaser with efficiency of 95%.
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5.1.1.6. Overall efficiency

Thus, taking into account the efficiency of the Pelton wheel (ng), the generator (n.), the

pump motor (n,,) and the centrifugal pump or the piston pump (n;), the overall efficiency is

calculated for the different flow rates:

Ny =ng "Ny, "Ne "Ny

af (m’/h)
nt (%)
2083 | 1042 | 104 | 1042 | 521 | 0.52

8 38 33 7 31 18 4
| 122 41 36 7 33 22 4
8| 1 44 37 9 35 26 4
3| 4 47 41 14 40 33 6
o

50 47 42 14 42 33 7

60 47 43 16 42 34 7

Table 20: Overall effic

iency of Pelton-driven generator using multistage centrifugal pump (CP)

Qf (m/h)
nt (%)
20.83 | 1042 | 104 | 1042 | 521 | 052
8 - 40 19 38 25 11
| 1 - 43 19 41 31 12
S| - 45 23 43 37 12
= 40 - 50 36 49 46 19
= =0 - 51 37 50 47 20
60 - 52 42 50 48 21

Table 21: Overall efficiency of Pelton-driven generator using piston pump (PP)

The efficiency of both systems for the examined feed flow rates and recovery ratio

RR = 20% and RR = 40% is presented at the following figures.
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Figure 51: Efficiency of Pelton-driven generator with CP and PP respectively for selected flow rates (RR=20%)
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Figure 52: Efficiency of Pelton-driven generator with CP and PP respectively for selected flow rates (RR=40%)

5.1.2. Power and pressure requirements

In order to examine the feasibility of RO desalination using energy recovery with the given
configuration, pressure and power requirements of the ERD are estimated.

5.1.2.1. Pelton turbine

The power output of the Pelton turbine delivered to the shaft is given by:
Ps =po QoMo [22]

Where py = v - hgand Qy, = A, - ¢y and v is the specific weight of water.

The mechanical power available at the turbine shaft can also be determined by measuring
the torque T on the shaft at a corresponding angular speed w (Agar, et al., 2008). The torque
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is found by measuring the tangential force F on a brake lever with moment arm length |,
while simultaneously measuring the rotational speed r of the shaft. The shaft power is:

Pk=w-t=2-n-1-F [23]
The angular speed w is the tangential speed of the turbine U divided by the pitch radius L of
the Pelton wheel:

w="U/L [24]

As already described the blade speed to jet speed ratio is assumed v = 0.45, so the blade
speed is calculated using the equation:

U=v-

af (m*/h

U (m/s) ( )
20.83 10.42 1.04 10.42 5.21 0.52
3 17.39 17.33 17.32 17.33 17.32 17.31
12 21.41 21.36 21.34 21.35 21.35 21.34
g 16 24.78 24.74 24.72 24.73 24.73 24.72
§ 40 39.30 39.27 39.27 39.27 39.27 39.27
= 50 43.98 43.95 43.95 43.95 43.95 43.95
60 48.20 48.18 48.17 48.18 48.17 48.17

Table 22: Blade speed, U (m/s)

Assuming the wheel diameter is D = 0.4 m, the rotational speed of the Pelton wheel is
calculated using the equation:

U-60

w = -

cyc - D

af (m*/h)
wcyc (rpm)

20.83 10.42 1.04 10.42 5.21 0.52
8 830 828 827 827 827 827
12 1022 1020 1019 1019 1019 1019
_f§ 16 1183 1181 1181 1181 1181 1181
§ 40 1876 1875 1875 1875 1875 1875
= 50 2100 2099 2098 2098 2098 2098
60 2301 2300 2300 2300 2300 2300

Table 23: Rotational speed of the Pelton wheel, wcyc (rpm)

As it is shown in the following figure the rotational speed of the Pelton wheel is higher for
higher pressure provided at the inlet of the membranes, while there is minor difference
between the values of the rotational speed for different flow rates. The rotational speed of
the Pelton wheel can also be increased by decreasing the diameter of the wheel.
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Figure 53: Rotational speed for the selected values of pump outlet pressure

60

As mentioned in paragraph 5.1.1.1., the Pelton turbine efficiency is assumed to be

ny = 81.09%, so using the examined values of pressure and flow rate the power output of

the Pelton turbine delivered to the shaft is calculated:

Ps =pp - Qp 1y
Qaf (m’/h)

Ps (kw) 20.83 10.42 1.04 10.42 5.21 0.52

3 2.89 1.45 0.14 1.08 0.54 0.05

12 4.39 2.20 0.22 1.65 0.82 0.08

= | 16 5.89 2.95 0.29 2.21 1.11 0.11
E’; 40 14.87 7.43 0.74 5.57 2.79 0.28
50 18.62 9.31 0.93 6.98 3.49 0.35

60 22.37 11.19 1.12 8.39 4.20 0.42

5.1.2.2. Generator

Table 24: Pelton turbine power output, Ps (kW)

When the turbine shaft is coupled to an electric generator which supplies electricity to a

variable resistive load R, the electrical power Pe of the load is:

P,=1-V

[25]

in which | is the load current and V the voltage across the load. The electrical efficiency n,

of the generator is:
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ng=P,/P,=1-V/2-mu-1-F [26]

The generator power output is calculated:

P. = ng - P
af (m’/h)
Pe (kW)
20.83 10.42 1.04 10.42 5.21 0.52
8 2.28 1.07 0.07 0.79 0.33 0.02
12 3.60 1.71 0.11 1.24 0.54 0.03
s [ 15 5.01 2.39 0.17 1.72 0.78 0.05
=
3| 4 13.08 6.32 0.51 468 2.23 0.15
= 5 16.39 8.01 0.65 5.94 2.83 0.19
60 19.69 9.73 0.83 7.13 3.44 0.23

Table 25: Generator power output, Pe (kW)
5.1.2.3. Motor

Using the motor efficiency, n,,, the motor power output is calculated:

P, =np, P

af (m*/h)
Pm (kW)

20.83 10.42 1.04 10.42 5.21 0.52
8 1.92 0.88 0.04 0.62 0.20 0.01
12 3.13 1.44 0.06 1.01 0.38 0.02
_‘E 16 4,51 2.03 0.09 1.43 0.60 0.02

P
§ 40 12.04 5.62 0.37 4.12 1.90 0.09
= 50 15.24 7.21 0.48 5.34 2.40 0.11
60 18.31 8.86 0.65 6.42 2.96 0.14

Table 26: Motor power output, Pm (kW)
5.1.2.4. Pump

The power output of the pump, P1°“t, is calculated by the power input, Pli“, multiplied to the
efficiency of the pump n;.

(p?" —pf") Qe=n; Py [27]
=>(Iﬂ?ut—l)ifn)'Qf=n1'nm'ne'no'Pb'Qb

The pressure drop at the membrane element is Ap, so p, = p?“t —Ap:

= (p?"* = pf") - Qe = ny "1y e g - (PPt — Ap) - Qp
Using Qp, = (1 —RR) - Q¢ andny = nq " np, " ng " Ny
= (p?"" = pi") = - (p?" — Ap) - (1 - RR)
=pf" = pf" —ne - (pP —Ap) - (1-RR) (28]

According to equation 31, the pump inlet pressure is not dependent on the flow rate, but on
the recovery ratio. However, since the efficiency of the pump is changing for different flow
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rates, the pump inlet pressure is indirectly dependent on the flow rate. Using the overall
efficiency of Pelton-driven generator with centrifugal pump, n;, calculated in Table 19, and

the examined values of membrane feed pressure p

pump inlet feed pressure is calculated.

Qaf (m’/h)
pfin (bar)

20.83 10.42 1.04 10.42 5.21 0.52

8 5.65 5.97 7.55 6.57 7.16 7.83

12 8.16 8.67 11.32 9.65 10.42 11.73

E 16 10.47 11.30 14.89 12.69 13.53 15.62
E 40 25.23 26.98 35.66 30.46 32.14 38.52
E 50 31.30 33.31 44.41 37.63 40.03 48.04
60 37.53 39.49 52.32 45.14 47.73 57.56

Table 27: Pressure required at the inlet of the centrifugal pump

and recovery ratio RR, the required

Using the overall efficiency of Pelton-driven generator with piston pump ng, calculated in

Table 20, the correspondent pump inlet feed pressure is calculated:

af (m*/h)
pfin (bar)

20.83 10.42 1.04 10.42 5.21 0.52

8 - 5.54 6.82 6.27 6.83 7.49

12 - 7.96 10.21 9.16 9.79 11.19

E 16 - 10.30 13.10 11.98 12.54 14.86
‘g’ 40 - 24.21 28.61 28.43 29.00 35.51
E 50 - 29.77 35.33 35.00 36.05 44.07
60 - 35.13 39.83 41.98 42.83 52.62

Table 28: Pressure required at the inlet of the piston pump

At the following figures the inlet feed pressure, pfin, is shown, for brackish water
desalination of RO pressure of 12 bar and seawater desalination of RO pressure of 40 bar,
for both Pelton-driven generators with centrifugal pump and piston pump, for RR = 20%

and RR = 40%.
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Figure 54: Inlet feed pressure for Pelton-driven generator with CP and PP (RR=20%)
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Figure 55: Inlet feed pressure for Pelton-driven generator with CP and PP (RR=20%)

Apart from the pressure required at the inlet of the pump, pfin, another indicator of the
performance of the energy recovery device is the percentage of the power required at the
inlet of the membranes that is provided by the recovered power:

Prec _ Pb " Qp " ¢

Pout p?ut *Qf
But pp, * Qp - n¢ = (pf“* — pf") - Qs s0:

_ Pree _ (PP —p") - Qr _ p?" —pf"
Pout p?ut Qs p?ut

So in the case of Pelton-driven generator with a centrifugal pump the percentage of the

power provided to the membranes that is provided by the recovered power is:
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Prec/Pout (%)

af (m’/h)
Prec/Pout (%)
20.83 10.42 1.04 10.42 5.21 0.52

8 29 25 6 18 10 2

12 32 28 6 20 13 2
ks 16 35 29 7 21 15 2
: 40 37 33 11 24 20 4
= 50 37 33 11 25 20 4

60 37 34 13 25 20 4

Table 29: Percentage of power output provided by the recovered power (CP)

In the case of Pelton-driven generator with a piston pump the percentage of the power

provided to the membranes that is provided by the recovered power is:

Qf (m’/h)
Prec/Pout (%)
20.83 10.42 1.04 10.42 5.21 0.52
8 - 31 15 22 15 6
12 - 34 15 24 18 7
g 16 - 36 18 25 22 7
=
: 40 - 39 28 29 27 11
= 0 - 40 29 30 28 12
60 - 2 34 30 29 12

Table 30: Percentage of power output provided by the recovered power (PP)

At the following figures the power ratio, Prec/Pout (%), is shown, for brackish water

desalination of RO pressure of 12 bar and seawater desalination of RO pressure of 40 bar,

for both Pelton-driven generators with centrifugal pump and piston pump, for RR = 20%
and RR = 40%.
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Figure 56: Power ratio Prec/Pout for Pelton-driven generator with CP and PP (RR=20%)
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Figure 57: Power ratio Prec/Pout for Pelton-driven generator with CP and PP (RR=40%)

Thus, the power ratio for piston pumps is higher than centrifugal pumps especially for low
feed flow rates where the power ratio of centrifugal pumps is significantly low.

5.1.3. Energy autonomy

For the case of Pelton-driven generator the recovery ratio may need to be fixed since the
pump and the Pelton turbine are not directly connected. In order to maintain the permeate
flow rate at a specific value an electronically controlled valve that will direct the brine
stream through an additional nozzle may be used, so additional energy will be required.

5.1.4. Operational stability

The recovery ratio may need to be stabilised using an auxiliary valve at the entrance of the
Pelton turbine which will direct the brine stream to an additional nozzle. The nozzles of the
Pelton turbine already present in the configuration may also contribute to the regulation of
the recovery ratio.

5.1.5. Cost analysis

The cost of the Pelton turbine with a casing with four nozzles is assumed to be 500-1,000 €.
The generator cost is estimated around 500-1,500 €.

Regarding the motorised pump the cheapest solution is the single stage centrifugal pump
(around 130 €), followed by the multistage centrifugal pump (around 230 €, Grundfos CMV
319-661 €) and the piston pump (Grundfos around 3,783-6,429 €). The multistage pumps
taken into account in the previous paragraph are manufactured by DP Pumps and the cost of
the series used is presented below.

—&— Pelton-driven generator with CP

—{fl—Pelton-driven generator with CP

Pelton-driven generator with PP

== Pelton-driven generator with PP

Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
DP pump series 32 16 2 16 4 2
Price (€) 3,000 2,500 2,000 2,500 2,000 2,000

Table 31: DP multistage centrifugal pumps prices

(Duijvelaar Pompen, 2013)
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The cost of the piston pump is presented at the following table.

Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
BMPE pump no. = 10.2R 1.0R 10.2R 5.1R 0.6 R
Price (€) - 7,000 3,500 7,000 5,700 3,500

Table 32: Grundfos BMPE piston pumps (HYDROLOGY, 2013)

Assuming costs of 500 € for the Pelton wheel and its casing, 500 € for the generator and
using the cost of the motorised multistage pump estimated above, the total cost of the
Pelton-driven generator using a multistage pump is estimated.

Qf (m*/h)
Total cost (€)

20.83
4,000

10.42 1.04
3,500 3,000

10.42 5.21
3,500 3,000

0.52
3,000

Table 33: Pelton-driven generator with motorised multistage centrifugal pump

In the same way, the overall cost of the Pelton-driven generator using a piston pump is

estimated.
Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
Total cost (€) - 8,000 4,500 8,000 6,700 4,500

Table 34: Pelton-driven generator with motorised piston pump

5.1.6. Manufacturing complexity

In order to develop the Pelton-driven generator with pump, the Pelton turbine needs to be
connected to the shaft of the generator which has to be wired to the motor of the pump.

5.2. Pelton-driven pump

RO membranes

High-pressure

Low-pressure
feed water

pump

High-pressure
feed water

—> Permeate

Gearbox ERD

—

High-pressure
| | concentrate

Low-pressure
concentrate

Pelton turbine

Figure 58: Pelton-driven pump with gearbox

5.2.1. Energy efficiency

In the case of Pelton-driven pump, the Pelton turbine is coupled to the pump but the
rotational speed of the two components is different. Both the Pelton turbine and the pump
are critical components of the configuration since they define the operational stability of the
energy recovery device and RO process and, hence, need to operate at the rated rotational
speed. Therefore, the use of gearbox is considered.
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Efficiency (%)

As explained in Paragraph 5.1, the efficiency of the Pelton turbine is assumed to be
No = 0.81, the efficiency of the spur gearbox is assumed to be 95% and the efficiency of
multistage centrifugal pump and piston pump for the selected flow rates is assumed to be:

af (m’/h) 20.83 10.42 1.04 10.42 5.21 0.52
nl (%) 71 67 34 67 60 25

Table 35: Multistage centrifugal pump efficiency (P*1velaar Pompen, 2013)

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
nl (%) - 81 89 81 84 76

Table 36: Piston pump efficiency ¢"ndfos A/S, 2013)

Thus, taking into account the efficiency of the Pelton turbine (n,), the gearbox (ng) and the
centrifugal pump or the piston pump (n;), the overall efficiency is calculated for the
different flow rates:

nt=n1'ng'n0

Qf (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
nt (%) 55 52 26 52 46 19

Table 37: Overall efficiency of Pelton-driven centrifugal pump (CP) with gearbox

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
nt (%) ] 63 69 63 65 58

Table 38: Overall efficiency of Pelton-driven piston pump (PP) with gearbox

The efficiency of both systems for the examined feed flow rates and recovery ratio
RR = 20% and RR = 40% is shown at the following figures. Thus, the Pelton-driven piston
pump with gearbox has the highest overall efficiency (up to 69%) among the Pelton-driven

ERDs for both brackish and seawater desalination and all examined flow rates.

70%
65%
60%
55%
50%
45%
40%
35%
30%
25%

.\ RR=20%

\

,/ 4
/ —&— Pelton-driven CP with gearbox
// == Pelton-driven PP with gearbox
5 10 15 20 25
Feed flow rate Qf (m3/h)

Figure 59: Efficiency of Pelton-driven CP and PP respectively for selected flow rates (RR=20%)
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Efficiency (%)

70%
65%
60%
55%
50%
45%
40%
35%
30%
25%
20%
15%

/ =
[
‘M

/ —o— Pelton-driven CP with gearbox

/ —fl—Pelton-driven PP with gearbox

/ RR=40%
2 4 6 8 10 12

Feed flow rate Qf (m3/h)

Figure 60: Efficiency of Pelton-driven CP and PP respectively for selected flow rates (RR=40%)

5.2.2. Power and pressure requirements

The power output of the Pelton turbine is the same as in the case of Pelton-driven generator

since the same efficiency is assumed for the Pelton turbine (81%).

The pressure required at the inlet of the pump is calculated using the equation 31, as in

Pelton-driven generators, but the overall efficiency is defined: n¢ = n; - ng - ng

= pt" = pg"t —n, - (pf"* — Ap) - (1 — RR)

Using the overall efficiency of Pelton-driven centrifugal pump with gearbox, n;, calculated in

out

Table 37, and the examined values of membrane feed pressure ps~ and recovery ratio RR,

the required pump inlet feed pressure is calculated.

Qf (m’/h)
pfin (bar)

20.83 10.42 1.04 10.42 5.21 0.52

8 4.63 4.82 6.39 5.62 5.86 7.11

12 6.88 7.17 9.55 8.38 8.76 10.65

:EE 16 9.13 9.52 12.71 11.14 11.65 14.19
E 40 22.67 23.65 31.70 27.74 29.02 35.42
E 50 28.30 29.52 39.61 34.64 36.24 44.27
60 33.92 35.39 47.51 41.54 43.47 53.11

Table 39: Pressure required at the inlet of the centrifugal pump

Using the overall efficiency of Pelton-driven generator with piston pump ng, calculated in

Table 34, the correspondent pump inlet feed pressure is calculated:
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Inlet feed pressure pfin (bar)

35 -
303
25
20

15 -

10

Qf (m’/h)
pfin (bar)

20.83 10.42 1.04 10.42 5.21 0.52

8 - 4.14 3.77 5.11 5.01 5.30

12 - 6.14 5.57 7.61 7.46 7.90

E 16 - 8.14 7.37 10.10 9.91 10.50
§ 40 - 20.17 18.22 25.13 24.63 26.13
= 50 - 25.17 22.72 31.37 30.75 32.63
60 - 30.16 27.22 37.62 36.87 39.13

Table 40: Pressure required at the inlet of the piston pump

At the following figure the inlet feed pressure, pfin, is shown, for brackish water desalination
of RO pressure of 12 bar and seawater desalination of RO pressure of 40 bar, for both
Pelton-driven centrifugal pump and piston pump, for the examined feed flow rates and
recovery ratio RR = 20% and RR = 40%.

RR=20%

=—— Pelton-driven CP with gearbox
(BW, pfout=12 bar)

\ . —fi— Pelton-driven CP with gearbox
(SW, pfout=40 bar)

= Pelton-driven PP with gearbox
(BW, pfout=12 bar)

=>¢=Pelton-driven PP with gearbox
(SW, pfout=40 bar)

0 5 10 15 20 25
Feed flow rate Qf (m3/h)

Figure 61: Inlet feed pressure for Pelton-driven CP and PP (RR=20%)
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Inlet feed pressure pfin (bar)

40

35

303
25
zof
155

10 -

] RR=40%
1B
\ =—— Pelton-driven CP with gearbox
BW, pfout=12 bar
~—_ ( p )
Mo - Pelton-driven CP with gearbox
—_——— (SW, pfout=40 bar)
Pelton-driven PP with gearbox
(BW, pfout=12 bar)
Pelton-driven PP with gearbox
(SW, pfout=40 bar)
Y —
+ vAv
0 2 4 6 8 10 12
Feed flow rate Qf (m3/h)

Figure 62: Inlet feed pressure for Pelton-driven CP and PP (RR=40%)

Apart from the pressure required at the inlet of the pump, pfin, another indicator of the
performance of the energy recovery device is the percentage of the power required at the
inlet of the membranes that is provided by the recovered power:
Prec _Pv Qp "Ny
Pout p?Ut ' Qf
But pp " Qp " ne = (PP — pf*) - Q¢ s0:
_ Prec _ (2" —pf") Q¢ pP"* —pf"

out

Pout p?ut " Qt Ps

So in the case of Pelton-driven centrifugal pump with gearbox the percentage of the power

provided to the membranes that is provided by the recovered power is:

Qf (m’/h)
Prec/Pout (%)
20.83 10.42 1.04 10.42 5.21 0.52
8 42 40 20 30 27 11
12 43 40 20 30 27 11
g 16 43 41 21 30 27 11
=
3 40 43 41 21 31 27 11
- 50 43 41 21 31 28 11
60 43 41 21 31 28 11

Table 41: Percentage of power output provided by the recovered power (CP)

In the case of Pelton-driven piston pump with gearbox the percentage of the power
provided to the membranes that is provided by the recovered power is:
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Prec/Pout (%)

af (m*/h)
Prec/Pout (%)
20.83 10.42 1.04 10.42 5.21 0.52
8 : 48 53 36 37 34
12 - 49 54 37 38 34
= 16 - 49 54 37 38 34
E 40 - 50 54 37 38 35
= 50 - 50 55 37 38 35
60 - 50 55 37 39 35

Table 42: Percentage of power output provided by the recovered power (PP)

At the following figures the power ratio, Prec/Pout (%), is shown, for brackish water
desalination of RO pressure of 12 bar and seawater desalination of RO pressure of 40 bar,

for both Pelton-driven generators with centrifugal pump and piston pump, for RR = 20%
and RR = 40%.

55% -
50% -
45% -
40% -
35%
30% |

25% -

20%

15% -

—— Pelton-driven CP with gearbox

(BW, pfout=12 bar)

—{li— Pelton-driven CP with gearbox

\ RR=20%
=
5 10 15 20 25
Feed flow rate Qf (m3/h)

(SW, pfout=40 bar)

Pelton-driven PP with gearbox
(BW, pfout=12 bar)

Pelton-driven PP with gearbox
(SW, pfout=40 bar)

Figure 63: Power ratio Prec/Pout for Pelton-driven generator with CP and PP (20%)
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Prec/Pout (%)

40%

; N

35% -
] =—— Pelton-driven CP with gearbox

30% - (BW, pfout=12 bar)

. == Pelton-driven CP with gearbox

25% ] (SW, pfout=40 bar)

20% . Pelton-driven PP with gearbox
] / (BW, pfout=12 bar)

15% - =>¢=Pelton-driven PP with gearbox
] / (SW, pfout=40 bar)

10% - RR=40%

5% ] T T T T T 1

0 2 4 6 8 10 12

Feed flow rate Qf (m3/h)
Figure 64: Power ratio Prec/Pout for Pelton-driven generator with CP and PP (40%)

Thus, the power ratio for Pelton-driven piston pumps is higher than Pelton-driven centrifugal
pumps, especially for low feed flow rates.

5.2.3. Energy autonomy

For the case of Pelton-driven pump the recovery ratio may need to be fixed. In order to
maintain the permeate flow rate at a specific value an electronically controlled valve that
will direct the brine stream through an additional nozzle may be used, so additional energy
will be required.

In the case of Pelton-driven piston pump the regulation of the operation of the ERD may be
less complicated since the feed flow rate is directly related to the rotational speed of the
piston pump.

5.2.4. Operation stability

The recovery ratio may need to be fixed using a valve at the brine outlet of the membranes;
the nozzles of the Pelton turbine may contribute to this. The fixed relation between the
rotational speed of the Pelton turbine and the pump, provided by the gearbox, may also
contribute to the stabilisation of the recovery ratio.

5.2.5. Cost analysis

The cost of the Pelton wheel with a casing with four nozzles is assumed to be 500 €. The
gearbox cost is estimated at 200 €. The cost of the multistage pump without motor is

estimated:
Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
Cost (€) 2,500 2,000 1,500 2,000 1,500 1,500

Table 43: Multistage centrifugal pump cost

62



The cost of the piston pump without motor is estimated:

Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
Cost (€) = 6,500 3,000 6,500 5,200 3,000

Table 44: Piston pump cost

Therefore, the total cost of the Pelton-driven centrifugal pump with gearbox is estimated:

Qf (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
Total cost (€) | 3,200 2,700 2,200 2,700 2,200 2,200

Table 45: Pelton-driven centrifugal pump with gearbox

In the same way, the overall cost of the Pelton-driven generator using a piston pump is

estimated.
af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
Total cost (€) - 7,200 3,700 7,200 5,900 3,700

Table 46: Pelton-driven piston pump with gearbox

5.2.6. Manufacturing complexity

In order to develop the Pelton-driven pump with gearbox, the Pelton turbine needs to be
connected to the shaft of the gearbox which has to be coupled to the shaft of the pump.

5.3. Pressure exchangers with two combined double-acting

cylinders
High-pressure RO membranes
ERD feed water
Low-pressure |
——> Permeate
feed water |
Low-pressure High-pressure concentrate
concentrate

Figure 65: Pressure exchanger with two combined double-acting cylinders

5.3.1. Energy efficiency

Pressure exchangers with two combined double-acting cylinders are designed for seawater
applications. As mentioned in paragraph 3.2.1.2, the only efficiency provided by literature is
the efficiency of the Clark Pump, designed by Spectra Watermakers, which is claimed to
reach 97%. The efficiency of the other pressure exchangers with two combined double-
acting cylinders, Schenker ERD, ST-08-PRO and EfficientSea are not estimated. Hence, similar
efficiency is assumed for these ERDs.

Taking as a reference case the Schenker ERD, the performance of the Schenker Energy
Recovery System has been tested in a singular brackish water installation, resulting to high
friction losses (1.87-5.24 bar) that increase with higher feed flow rate (Snieder, et al., 2013).
As it can be seen at the following figure friction losses are determined by the feed flow rate,
while the salt concentration of water does not influence the friction losses.
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Figure 66: ERD friction losses as a function of feed flow for different salt concentrations S"ede" ¢t 2- 2013)

However, the feed pressure required decreases with lower salinity (Figure 67) and, hence,
the ratio of friction losses to feed pressure increases, showing how inefficient the device can
get for low salinity (Figure 68). For brackish water of low salinity (2045 TDS), the percentage
of the feed pressure wasted in friction losses reaches 80% (for feed flow rate of 26
I/min=1.56 m?/h) (Snieder, et al., 2013).
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Figure 67: Feed pressure as a function of feed flow (S"ede” etal- 2013)
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Figure 68: Ratio of friction losses and feed pressure as a function of feed flow S"ede" etal 2013)

According to the measurements of the pressure losses due to friction for different feed flows
of Figure 66, the following relation is determined: ~Apg. = 1.818 - Q? + 0.218 - Q¢ + 0.328

6

Pressure losses Apfr (bar)
N w

0 T T T T T 1
0,6 0,8 1 1,2 1,4 1,6 1,8
Feed flow rate Qf (m3/h)

Figure 69: Pressure losses due to friction Apy, as function of feed flow rate Q;

The equation above, is applicable for feed flow rate up to 1.42 m3/h, which is the maximum
feed flow rate this ERD is designed for. Applying this formula for the examined values of feed
flow rate, the pressure losses due to friction are calculated.
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Schenker ERD
Qp (m*/h) 4.17 2.08 0.21 4.17 2.08 0.21 0.21
RR (%) 20 40 15
af (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52 1.42
Apfr (bar) 793.93 199.86 2.53 199.86 50.78 0.93 4.30

Table 47: Pressure losses due to friction, Apfr, for the examined flow rates and for the design characteristics of
the Schenker ERD

As expected, feed flow rate higher than 1.42 m3/h results to extremely high friction losses.
Hence, this equation can only be used for the estimation of pressure losses due to friction
for feed flow rates of 0.52 m3/h and 1.04 m3/h and for the case of the Schenker ERD. For
the rest of the cases, with higher values of feed flow rate, the required scaling up of the ERD
needs to be estimated first.

Pressure losses due to friction consist of hydraulic losses and mechanical losses. According
to the equation describing the flow in tubes (turbulent), the hydraulic pressure losses have a
positive quadratic relation with flow rate:

1
Apfy = Kw 5 p-v?

In order to estimate the hydraulic pressure losses due to friction, a new design of the
Schenker ERD is taken into account. This design is developed for permeate flow rate of
Qp = 0.42 m3/h (= 10 m3/day), for recovery ratio RR = 28.70% and hence feed flow
rate Q¢ = 1.45 m3/h (Walvoort, 2013).

Using the static model developed for the new design of the Schenker ERD (Walvoort, 2013)
and assuming hydraulic pressure losses Apg = 1 bar, the required scale factor (with
reference to the new design) for the tubing of the system, the switching mechanism and the
check valves is calculated:

Optimised .
Schenker ERD New design
af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52 1.42 1.45
Scale factor f1 3.92 2.41 0.66 2.25 1.45 0.42 0.80 1.00

Table 48: Scale factor of the tubing of the ERD, f1, using the static model developed for the new design and
assuming hydraulic pressure losses Ap}"r =1 bar

Pressure losses due to mechanical friction of the pistons and the rod against the wall of the
main tube and the centre block, respectively, are calculated using the highest capacity
model of the Schenker ERD as reference. Modelling of the highest capacity Schenker ERD
showed it has a constant mechanical friction force of 190 N resulting to mechanical pressure
losses of 0.3 bar. This model is designed to deliver permeate flow rate of Q=
0.21 m3/h (= 5 m3/day), for recovery ratio RR = 14.67% and, hence, feed flow rate
Qf = 1.43m3/h (= 3.98-10"*m3/s). The area of the outer surface of the pistons of the
Schenker ERD is A = 69.40 cm? = 69.40-10"*m? and the diameter is d = 9.4 cm.
Therefore, the velocity of the pistons and the connecting rod is calculated:

Q; 3.98-107*
v, =—=

P= A = 29398 10°% 0.057m/s = 5.68cm/s (= 204.64 m/h)
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In order to calculate the scale factor of the pistons for the selected feed flow rates, it is
assumed that the pistons move at the velocity of the Schenker ERD, calculated above, since
it is suggested by the manufacturer of the device. Therefore, the required surface area and
the inner diameter of the main tube of the device are calculated for the examined flow
rates. Furthermore, using the inner diameter of the main tube of the Schenker ERD
(d = 9.4 cm), the scale factor of the pistons, f,, is calculated with reference to this value.

Schenker ERD
Qp (m3/h) 4.17 | 2.08 0.21 4.17 2.08 0.21 0.21
RR (%) 20 40 14.67
af (ma/h) 20.83 10.42 1.04 10.42 5.21 0.52 1.42
A (sz) 1018.07 509.03 50.90 509.03 254.52 25.45 69.40
d (cm) 36.00 25.46 8.05 25.46 18.00 5.69 9.40
Scale factor 2 3.83 2.71 0.86 2.71 1.92 0.61 1.00

Table 49: Scale factor of the pistons, f2, assuming the piston velocity of the Schenker ERD

Using the recovery ratio the diameter and the surface area of the rod is also calculated:

B (A - B) — Arod _ (T[ ) d?od/‘l’) — (drod>2

RR=1-2="2 A (n-d?/4) d
Schenker ERD
RR (%) 20 40 14.67
A (sz) 1018.07 509.03 50.90 509.03 254.52 25.45 69.40
d (cm) 36.00 25.46 8.05 25.46 18.00 5.69 9.40
Arod (cm’) 203.61 101.81 10.18 203.61 101.81 10.18 10.18
drod (cm) 16.10 11.39 3.60 16.10 11.39 3.60 3.60

Table 50: Diameter and surface area of the rod

Mechanical pressure losses occur at the interface between the o-rings of the pistons and the
rod and the wall of the main tube and the centre block, respectively. Taking as a reference,
the o-rings used for the pistons and the rod of the new design (ERIKS, 2013), the relation
between the inner diameter d;,, and the thickness t of the o-rings is estimated.

O-ring piston New design
din (mm) 132.72
t (mm) 5.33
O-ring rod
din (mm) 75
t (mm) 4

Table 51: Inner diameter d;,, and the thickness t for the o-rings of the pistons and the rod of the new design
(ERIKS, 2013)
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Figure 71: O-ring dimensions

Hence, the inner diameter d;,, of the o-rings is calculated using the scale factor f, derived
assuming the piston velocity of the Schenker ERD (v;, = 5.68 cm/s); the thickness t of the o-
rings is calculated using the relation derived above. Then, scale factors for both the diameter
and the thickness of the o-rings are calculated (with reference to the new design), using the
mean value of the piston and the rod cases.
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Schenker ERD

d (cm) 36.00 25.46 8.05 25.46 18.00 5.69 9.40

Scale factor 3.83 2.71 0.86 2.71 1.92 0.61 1.00
O-ring piston

din (mm) 341.31 241.34 76.32 241.34 170.66 53.97 89.11

t (mm) 10.14 7.83 4.03 7.83 6.20 3.52 4.33

O-ring rod

din (mm) 161.01 113.85 36.00 161.01 113.85 36.00 36.00

t (mm) 5.98 4.90 3.10 5.98 4.90 3.10 3.10

Scale factor fd 4.15 2.94 0.93 3.59 2.54 0.80 1.00

Scale factor ft 2.14 1.69 0.97 1.87 1.51 0.91 1.00

Table 52: Inner diameter d;,, and thickness t of the o-rings of the pistons and the rod and respective scale
factors

The mechanical pressure losses are calculated using the equation:

Apy =

Ffr

A

Where A is the surface area of the piston which has a quadratic relation with the scale factor

f,. Fg is the friction force exerted on the surface area of the o-rings (= t- 1 - dyy) that

contact the wall of the main tube and the centre block and therefore has a linear relation

with the product of the scale factors f;

-f4. Thus, the mechanical pressure losses are

calculated using the scale factor (f; - f4)/fZ.

Schenker ERD
Qp (m*/h) 4.17 2.08 0.21 4.17 2.08 0.21 0.21
RR (%) 20 40 14.67
af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52 1.42
ApfrM (bar) 0.18 0.20 0.37 0.27 0.31 0.60 0.30

Table 53: Mechanical pressure losses Ap} for the selected flow rates and the Schenker ERD

Consequently, the total pressure losses due to friction Apg- are the sum of the hydraulic Ap?r

and the mechanical losses Ap}M.

Optimised
Schenker ERD

Qp (m3/h) 4.17 2.08 0.21 4.17 | 2.08 0.21 0.21
RR (%) 20 40 14.67
af (m3/h) 20.83 10.42 1.04 10.42 | 5.21 0.52 1.42
ApfrH (bar) 1.00 1.00
ApfrM (bar) 0.18 0.20 0.37 0.27 0.31 0.60 0.30
Apfr (bar) 1.18 1.20 1.37 1.27 1.31 1.60 1.30

Table 54: Total pressure losses due to friction Ap_for the selected flow rates and the optimised Schenker ERD

At the following figures the total pressure losses due to friction Apfr and the scaling factors

f1 and f2, of the tubing and the pistons of the ERD respectively, are presented for the

examined feed flow rates for RR = 20% and RR = 40%.
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Optimised
Schenker ERD

Qf (ma/h) 20.83 10.42 1.04 10.42 5.21 0.52 1.42
Scale factor f1 3.92 241 0.66 2.25 1.45 0.42 0.80
Scale factor f2 3.83 2.71 0.86 2.71 1.92 0.61 1.00

Apfr (bar) 1.18 1.20 1.37 1.27 1.31 1.60 1.30

Table 55: Scale factor of the tubing (f1) and the pistons (f2) of the ERD and total pressure losses due to friction

Ap, for the selected flow rates and the optimised Schenker ERD
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Figure 72: Scale factor of the tubing and the pistons of the ERD and total pressure losses (RR=20%)
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Figure 73: Scale factor of the tubing and the pistons of the ERD and total pressure losses Ap, . (RR=40%)

Using the scheme of the Clark Pump with all the parameters required, the equation for the
pressure required at the inlet of the ERD is derived. The brine outlet flow is assumed to have
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the same pressure as the environment (Feenstra, et al., 2012). Therefore, the relevant forces
developed on the inner and outer surfaces of the pistons are:

Fo=ppB, F" =pf"-A, FP'" =pp"*-A 29
Assuming no acceleration during operation, no leakage and no friction losses, the following

force balance is formed for the pistons and using equations 32 the relation of pressures is
also derived:

Fp + F{" = F?", pp-B/A+p{" = pp [30]

Where pifn is the inlet feed pressure, p?“t the outlet feed and py, the brine pressure.

pb, Qb

— A
Fb B

Fin Fir €=

pfin'Qf - - @ FfOUt . N pfOUt,Qf

(Spectra

Figure 74: A schematic view of the relevant forces, pressures and surfaces of the Spectra Clark Pump
Watermakers, Inc, 2013)

Taking into account the friction losses and equation 12, RR = 1 — B/A, equations 33
become:

Fp, + FI" — Fp. = FUY, pp - (1 —RR) + pi® — Apg, = pQUt  [31]
=>pi" =pf" + Aps —pp - (1—RR)  [32]

The efficiency of the device is calculated as the ratio of the power output and the power
input:
_ Pout _ (p?ut - pifn) " Q¢
B Py Qo
Using equation 35 and Q, = Q¢+ (1 — RR):

(p22 = (pP*"+ B0 = py - (1~ RR))

=>n=
pp- (1 —RR)
1= Po- (1 —RR) — Apg,
pp- (1 —RR)
A
pp- (1 —RR)

According to the equation above the efficiency of pressure exchanger with two double-
acting cylinders is dependent on the pressure losses due to friction, Apfr, the brine pressure,
pb, and the recovery ratio, RR. Using the pressure loss between the inlet and the outlet of
the membrane, Ap, the brine pressure can be written p, = p?“t — Ap, so:

Apfr

=1—
T T (ot = ap)- (1—-RR)
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Subsequently, the efficiency of the ERD is calculated for the examined cases and for the

design characteristics of the Schenker ERD, using the pressure losses derived from the

measurements of the Schenker ERD testing.

Schenker ERD
Qp (m*/h) 4.17 2.08 0.21 4.17 2.08 0.21 0.21
RR (%) 20 40 14.67
af (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52 1.42
Apfr (bar) 793.93 199.86 2.53 199.86 50.78 0.93 4.30

Table 56: Pressure losses due to friction, Apfr, for the examined flow rates and for the design characteristics of
the Schenker ERD derived from the Schenker ERD testing

af (m*/h) Schenker ERD
n (%)

20.83 10.42 1.04 10.42 5.21 0.52 1.42

8 - - 59 - - 80 34

. 12 - - 73 - - 87 57
g 16 - - 80 - - 90 68
E 40 - - 92 - - 96 87
= 50 - - 94 - - 97 90
60 - - 95 - - 97 92

Table 57: Efficiency of the ERD, n, for the examined flow rates and for the design characteristics of the

Schenker ERD

As expected, the efficiency of the ERD decreases with lower feed pressure required and

therefore it is considerably lower for brackish water desalination.

Subsequently, the efficiency of the ERD is calculated for the examined cases and for the

design characteristics of the Schenker ERD, using the pressure losses derived by scaling the

system.

It can be seen that, compared to the efficiency calculated according to the pressure losses

derived from the Schenker ERD testing, the efficiency of the ERD, in this case, is much higher

especially for brackish water desalination.

Optimised
Schenker ERD
RR (%) 20 40 14.67
Qp (m3/h) 4.17 2.08 0.21 4.17 2.08 0.21 0.21
Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52 1.42
Scale factor f1 4.10 2.43 0.66 2.26 1.45 0.42 0.80
Scale factor 2 3.83 2.71 0.86 2.71 1.92 0.61 1.00
Apfr (bar) 1.18 1.20 1.37 1.27 1.31 1.60 1.30

Table 58: Pressure losses due to friction, Apfr, for the examined flow rates and for the design characteristics of

the Schenker ERD derived by scaling the system
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Efficiency (%)

n (%) Qf (m/h) Sciz:lr::rs eé(;D

20.83 | 1042 | 104 | 1042 | 521 | 052 1.42

8 81 80 78 72 72 65 80

| 12 87 87 85 82 81 77 87
S| 1 91 90 89 86 86 83 90
E 40 96 96 96 95 94 93 96
= 50 97 97 97 96 96 95 97
60 98 97 97 96 96 96 97

Table 59: Efficiency of the ERD, n, for the examined flow rates and for the design characteristics of the
Schenker ERD

The following figures show the efficiency of the ERD for the examined feed flow rates for
recovery ratio RR = 20% and RR = 40% for brackish water desalination of RO pressure of
12 bar and seawater desalination of RO pressure of 40 bar. The scale factor calculated for
the pistons and the rod is also shown.

It can be seen that the efficiency of the system for brackish water desalination of RO
pressure of 12 bar is 10% lower that the efficiency of the system for seawater desalination of
RO pressure of 40 bar. In addition, for higher feed flow rate the efficiency is higher but the
system also needs to be scaled up by a higher factor.
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% — - - 4,0
96% g
] - 3,5
94% -
] - 30 < ——BW, pfout=12 bar
92% - 25 %
T Y
] (] —
90% - - 2,0 = = SW, pfout=40 bar
4 (7]
88% - s
o Scale factor for pistons
: / I - 10 P
86% -
joe— RR=20% | O
84% - . ; ; . 0,0
0 5 10 15 20 25
Feed flow rate Qf (m3/h)

Figure 75: Efficiency of the ERD for BW and SW (RR=20%)
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Figure 76: Efficiency of the ERD for BW and SW (RR=40%)

5.3.2. Power and pressure requirements
The feed pressure required at the inlet of the ERD is calculated using equation 35:
=pt" = p?"* + Apg — pp, * (1 — RR)
Using the pressure loss between the inlet and the outlet of the membrane, Ap, the brine
pressure can be written p, = pfU* — Ap, so:
=p* = pf** + Apg — (pf"* — Ap) - (1 — RR)
Subsequently, the inlet feed pressure of the ERD is calculated for the examined cases and for

the design characteristics of the Schenker ERD, using the pressure losses derived from the
measurements of the Schenker ERD testing.

ofin (bar) af (m*/h) Schenker ERD

2083 | 1042 | 104 | 1042 | 521 | o052 1.42

8 - - 437 - - 431 5.73

_ 12 - - 5.17 - ] 5.91 6.32
| 16 - - 5.97 - ] 7.51 6.91
= 40 - - 10.85 - - 17.17 10.51
= 50 - - 12.85 - - 21.17 11.98
60 - - 1485 | - - 25.17 13.45

Table 60: ERD inlet feed pressure, pfin, for the examined flow rates and for the design characteristics of the
Schenker ERD

Subsequently, the efficiency of the ERD is calculated for the examined cases and for the
design characteristics of the Schenker ERD, using the pressure losses derived by scaling the
system. It can be seen that in this case the inlet feed pressure required for the Schenker ERD
is much lower.
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Pressure (bar)

pfin (bar) af (m’/h) Scﬁzzgrs?:m

2083 | 10.42 1.04 10.42 5.21 0.52 1.42

8 3.02 3.04 321 4.65 4.69 4.98 2.73

| 1 3.82 3.84 4.01 6.25 6.29 6.58 3.32
S| 4.62 4.64 4.81 7.85 7.89 8.18 3.90
3| 4 9.50 9.52 9.69 1751 | 1755 | 17.84 7.51
=1 5o 1150 | 1152 | 1169 | 2151 | 2155 | 21.84 8.98
60 1350 | 1352 | 13.69 | 2551 | 2555 | 25.84 10.44

12

10

(o]

Table 61: ERD inlet feed pressure, pfin, for the examined flow rates and for the design characteristics of the
Schenker ERD

At the following figure the inlet feed pressure, pfin, is shown, for brackish water desalination

of RO pressure of 12 bar and seawater desalination of RO pressure of 40 bar, for the

optimised pressure exchanger with two combined double-acting cylinders for the examined

feed flow rates for RR = 20% and RR = 40%.
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Figure 77: Inlet feed pressure required for BW and SW (RR=20%)

Scale factor for pistons
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Figure 78: Inlet feed pressure required for BW and SW (RR=40%)

As in the two previous energy recovery concepts, another indicator of the performance of
the energy recovery device is the percentage of the power required at the inlet of the
membranes that is provided by the recovered power:

out _ _in

l:)rec — Pr Ps

out

Pout Pr

So in the case of pressure exchangers with two combined double-acting cylinders the

percentage of the power provided to the membranes that is provided by the recovered

power is:
Prec/Pout (%) i)
20.83 10.42 1.04 10.42 5.21 0.52
8 62 62 60 42 41 38
12 68 68 67 48 48 45
5 16 71 71 70 51 51 49
= 40 76 76 76 56 56 55
50 77 77 77 57 57 56
60 77 77 77 57 57 57

Table 62: Percentage of power output provided by the recovered power

At the following figures the power ratio, Prec/Pout (%), is shown, for brackish water
desalination of RO pressure of 12 bar and seawater desalination of RO pressure of 40 bar,
for RR = 20% and RR = 40%.
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Prec/Pout (%)

Prec/Pout (%)

78% -
76% - gg——— = il
74% -
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72% - RR=20%
] == SW, pfout=40 bar
70% -
68% - / —
66% - ; . ; . .
0 5 10 15 20 25
Feed flow rate Qf (m3/h)
Table 63: Power ratio Prec/Pout for pressure exchangers with two combined cylinders (RR=20%)
60%
| —— 0
559% M=
—&—BW, pfout=12 bar
50%
i <4 == SW, pfout=40 bar
45% :/
RR=40%
40% - : : : : : .
0 2 4 6 8 10 12
Feed flow rate Qf (m3/h)

Table 64: Power ratio Prec/Pout for pressure exchangers with two combined cylinders (RR=40%)

5.3.3. Energy autonomy

This solution does not require additional power supply. If needed, it might be possible to
steer the switching mechanism electrically.

5.3.4. Operation stability

The recovery ratio of this system is kept constant by the energy recovery device, since it is
defined by the area ratio of the inner and the outer surface of the pistons:
B _ (A - B) _ Arod _ (T[ ) d?od/4) _ (drod>2

RR=1-% A A (m-dza \d
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5.3.5. Cost analysis

The cost of the energy recovery system is estimated between 1,778 € (Spectra Clark Pump)
and 3,300 € (Schenker ERD). Using the cost of the Schenker ERD, it is assumed that 25% of
the costs correspond to installation costs, another 25% are related to assembly costs and
50% correspond to material costs.

In addition, taking into account that the Schenker ERD is developed for seawater
desalination, it is assumed that the pipe material required for seawater desalination is
stainless steel (316 SS), in order to withstand the high pressure, and that for brackish water
desalination polymer (PVC) pipes can be used. So assuming that PVC is 4 times cheaper than
316 SS, the material costs for brackish water desalination can also be estimated. Adding with
installation and assembly costs and using the scale factors calculated above, the cost of the
system is calculated for both brackish and seawater desalination for the selected flow rates.

Schenker ERD
RR (%) 20 40 14.67
Qp (m*/h) 4.17 2.08 0.21 4.17 2.08 0.21 0.21
Qf (m’/h) 20.83 10.42 1.04 10.42 5.21 0.52 1.42
Cost (€, SW) 13,085 8,478 2,509 8,198 5,554 1,694 3,300
Cost (€, BW) 8,178 5,299 1,568 5,124 3,471 1,059

Table 65: Cost of the scaled ERD for BW and SW desalination

5.3.6. Manufacturing complexity

In order to develop the pressure exchanger with two combined double-acting cylinders for
the selected flow rates, the system the main tube, the pistons and the rod as well as the
tubing of the system have to be scaled accordingly. Thus, new resized components have to
be manufactured and assembled, making the development of this ERD particularly complex.

5.4. Pressure exchangers with three combined double-acting
cylinders

As described in Paragraph 3.2.1.3, pressure exchangers with three combined double-acting
cylinders, such as the Spectra Pearson pump, include a motor that enforces the rotation of
the connecting shaft of the pistons. Since no additional power supply can be provided at the
examined RO desalination system, it is examined whether the pistons, coupled on the same
rotational shaft in order to interact with each other, will operate efficiently without the use
of a motor. The scheme of the suggested ERD is presented at the following figure.
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Figure 79: Pressure exchanger with three combined double-acting cylinders

5.4.1. Energy efficiency

Since the efficiency of pressure exchangers with three combined double-acting cylinders is
not known, it is estimated for the Spectra Person pump using the specifications provided by
the manufacturer for the LB 10000 RO desalination system that includes a Pearson pump as
ERD.

System LB 10000
Qp (m3/h) 1.58
RR (%) 35%
Qf (m3/h) 4.51
Qb (m3/h) 2.93
pfin (bar) 1.4
pfout (bar) 60
Ap (bar) 0.4
pb (bar) 59.6
Pin (W) 176
Preq. (W) 3476
Pm (W) 3300
n (%) 90%

Table 66: Spectra Pearson pump efficiency calculation

The suggested ERD does not include a motor, so the efficiency will not include losses
induced by the motor. However, higher inlet feed pressure may be required since the power
provided by the brine stream may not be enough to pressurise adequately the feed stream.
Therefore, the efficiency calculated above can be taken into account for the pressure
exchanger with three combined double-acting pistons without motor.

In order to derive the relation between the inlet feed pressure and the pressure losses, the
scheme of the ERD at a random point of operation is used. The forces acting on each piston
are drawn and a torque balance at the shaft that connects the three pistons is used.
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Thet = 0
= F{" -sin30 + (F, — FP"*) + F{" -sin30 =0
> F" + F, = FpU
SpM-A+py-B=p"-A (33

Taking into account the friction losses and equation 12, RR =1 — B/A, equation 33
becomes:
= p" +pp * (1 — RR) — Apg = pp™*  [34]

= pf® = p2"t + Apg —pp - (1 —RR)  [35]

Figure 80: Scheme of the pistons and the connecting rotational shaft with the acting forces

It is observed that the inlet feed pressure is related to the pressure losses occurring in the
pressure exchanger with three pistons with the same equation as in the case of the pressure
exchanger with two double acting cylinders, described in the previous paragraph (equation
32).
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The efficiency of the ERD is calculated as the ratio of the power output to the power input:
_ Pout _ (p?ut - pifn) - Qs

B P Qb
Using equation 35 and Q, = Q¢+ (1 — RR):

(p22 = (99"t + B0 = py - (1~ RR))

>n=

pp ' (1 —RR)
_ pp- (1 —RR) — Apg
>n=
pp (1 —RR)
A
pp (1 —RR)

= Apg = pp* (1 —RR) - (1 —n)

So, for feed flow rate Q¢ = 5.21 m3/h (RR = 40%) and p?"t = 60 bar (p, = 59.6 bar),
the efficiency of 90% (Table 66) is taken into account. The pressure losses due to friction are
calculated Apg. = 3.85 bar. Assuming that mechanical pressure losses account for 7% of
total pressure losses as in the case of the Schenker ERD (Table 47), mechanical pressure
losses are calculated Apfr = 0.27 bar and hydraulic pressure losses Apf. = 3.58 bar.

Hydraulic pressure losses are assumed to be the same for all examined flow rates and, as in

the case of pressure exchangers with two cylinders, a scale factor for the tubing and the
switching mechanism of the ERD needs to be estimated. This scale factor is not assessed in
this research since a detailed model including all the losses accounting in this device would
have to be developed.

As for the mechanical pressure losses occurring in pressure exchanger with three cylinders,
these are estimated for the examined flow rates along with the respective scale factor of the
pistons. Taking into account the Spectra Pearson pump with capacity
Qp =05 m3/h and RR = 20% the surface area of the piston A = 9.62 cm and the feed
flow rate Qf = 2.5 m3/h are used in order to calculate the velocity of the piston Vp =
72 cm/s. As in pressure exchangers with two cylinders, the velocity provided by the
manufacturer is assumed to be the same for all examined flow rates. Hence, the piston
surface area and the piston diameter required in all cases is calculated. Then, the scale
factor for the pistons, 2, is calculated with reference to the case of Q¢ = 5.21 m3/h (RR =
40%) since the pressure losses are known for this case. In addition, the rod diameter and
surface area are calculated using the recovery ratio.

Pearson

Qp (m3/h) 4.17 2.08 0.21 4.17 2.08 0.21 0.5
RR (%) 20 40 20
Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52 2.50
d (cm) 10.10 7.14 2.26 7.14 5.05 1.60 35

A (cm2) 80.18 40.09 4.01 40.09 20.04 2.00 9.62
vp (cm/s) 72.18 72.18
Scale factor f2 2.00 1.41 0.45 1.41 1.00 0.32

Table 67:

Scale factor of the pistons, f2, assuming the piston velocity of the Pearson pump
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Using the recovery ratio the diameter and the surface area of the rod is also calculated:

B_(A—B) _Awa _(n-dfa/4) _ (dmd>2

RR=1-4="2 A (n-dz/a) \d
Pearson
RR (%) 20 40 20
A (cm?) 80.18 40.09 4.01 40.09 20.04 2.00 9.62
d (cm) 10.10 7.14 2.26 7.14 5.05 1.60 35
Arod (cm’) 16.04 8.02 0.80 16.04 8.02 0.80 1.92
drod (cm) 4.52 3.20 1.01 4.52 3.20 1.01 1.57

Table 68: Diameter and surface area of the rod

Mechanical pressure losses occur at the interface between the o-rings of the pistons and the
rod and the wall of the cylinders. The diameter of the o-rings is calculated taking into
account the relation between the piston and rod diameter and the diameter of the o-rings
used for the new design of pressure exchanger with two cylinders. The thickness of the o-
rings is calculated using the relation between the o-ring diameter and o-ring thickness
derived in . Then, scale factors for both the diameter and the thickness of the o-rings are
calculated (with reference to the case of Q¢ = 5.21 m3/h), using the mean value of the
piston and the rod cases.

O-ring piston
din (mm) 95.78 67.73 21.42 67.73 47.89 15.14
t (mm) 4.48 3.83 2.77 3.83 3.38 2.62
O-ring rod
din (mm) 45.18 31.95 10.10 45.18 31.95 10.10
t (mm) 331 3.01 2.50 331 3.01 2.50
Scale factor fd 1.71 1.21 0.38 1.41 1.00 0.32
Scale factor ft 1.21 1.07 0.83 1.12 1.00 0.80

Table 69: Inner diameter d;,, and thickness t of the o-rings of the pistons and the rod and respective scale
factors

The mechanical pressure losses are calculated using the equation:

Apf; = %
Where A is the surface area of the piston which has a quadratic relation with the scale factor
f,. Fg is the friction force exerted on the surface area of the o-rings (= t- 1 dyy¢) that
contact the wall of the main tube and the centre block and therefore has a linear relation
with the product of the scale factors f;-f4. Thus, the mechanical pressure losses are

calculated using the scale factor (f; - fy)/fZ.

Qp (m’/h) 417 | 208 | o2 4.17 2.08 0.21
RR (%) 20 40

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52

ApfrM (bar) 0.14 0.17 0.42 0.21 0.27 0.68

Table 70: Mechanical pressure losses Ap}. for the examined flow rates
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Pressure losses Apfr (bar)

Consequently, the total pressure losses due to friction Apg- are the sum of the hydraulic Apg

and the mechanical losses Ap}.

Qp (m’/h) 417 | 208 0.21 417 | 208 0.21
RR (%) 20 40
af (m*/h) 2083 | 1042 1.04 1042 | 521 0.52
ApfrH (bar) 3.58
ApfrM (bar) 0.14 0.17 0.42 0.21 0.27 0.68
Apfr (bar) 3.72 3.75 4.00 3.79 3.85 4.26

Table 71: Total pressure losses due to friction Ap for the examined flow rates

At the following figures the total pressure losses due to friction Apfr and the scale factor of
the pistons, 2, is presented for the examined feed flow rates for RR = 20% and RR = 40%.

4,10
4,00 -
3,90 -

3,80 -

3,70

3,60 -

Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
Scale factor f2 2.00 1.41 0.45 1.41 1.00 0.32
Apfr (bar) 3.72 3.75 4.00 3.79 3.85 4.26

Table 72: Scale factor of the pistons (f2) of the ERD and total pressure losses due to friction Ap,

RR=20%
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Feed flow rate Qf (m3/h)

Figure 81: Scale factor of the pistons of the ERD and total pressure losses (RR=20%)
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Pressure losses Apfr (bar)
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Figure 82: Scale factor of the pistons of the ERD and total pressure losses Ap,. (RR=40%)
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Using the pressure losses, the efficiency of pressure exchangers with three pistons is

estimated for the examined flow rates and pressures.

A
sn=1-— b0
pp - (1 —RR)
Qf (m’/h)
n (%)
20.83 10.42 1.04 10.42 5.21 0.52
8 40 39 35 18 17 8
12 60 60 57 46 45 39
| 16 70 70 68 60 59 55
S| a0 88 88 87 84 84 82
I 91 91 90 87 87 86
60 92 92 92 89 89 88

Table 73: Overall efficiency of pressure exchangers with three combined double-acting cylinders

At the following figures the efficiency of the pressure exchanger with three combined

double-acting cylinders is presented for the examined feed flow rates.
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Figure 83: Efficiency and scale factor of pressure exchangers with three combined double-acting cylinders
(RR=20%)
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Figure 84: Efficiency and scale factor of pressure exchangers with three combined double-acting cylinders
(RR=40%)

5.4.2. Power and pressure requirements

Using the overall efficiency of pressure exchanger with three combined double-acting

cylinders, the required inlet feed pressure is calculated:

= pi" = p?"* + Apg — pp - (1 — RR)

85



Pressure (bar)

14

[any
N

=
o

0o

(2}

af (m*/h)
pfin (bar)

20.83 10.42 1.04 10.42 5.21 0.52

8 5.56 5.59 5.84 7.17 7.23 7.64

12 6.36 6.39 6.64 8.77 8.83 9.24

E 16 7.16 7.19 7.44 10.37 10.43 10.84
§ 40 12.04 12.07 12.32 20.03 20.09 20.50
= 50 14.04 14.07 14.32 24.03 24.09 24.50
60 16.04 16.07 16.32 28.03 28.09 28.50

Table 74: Inlet feed pressure for pressure exchanger with three combined double-acting cylinders

At the following figure the inlet feed pressure, pfin, is shown, for brackish water desalination
of RO pressure of 12 bar and seawater desalination of RO pressure of 40 bar, for the APM-

driven piston pump for the examined feed flow rates.
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Figure 85: Inlet feed pressure for pressure exchanger with three combined double-acting cylinders (RR=20%)
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Figure 86: Inlet feed pressure for pressure exchanger with three combined double-acting cylinders (RR=40%)

As in the previous energy recovery concepts, another indicator of the performance of the

energy recovery device is the percentage of the power required at the inlet of the

membranes that is provided by the recovered power:
¢ )
Prec _ p?u B p}n

out

Pout Pr

So in the case of APM-driven piston pump the percentage of the power provided to the

membranes that is provided by the recovered power is:

Qf (m’/h)
Prec/Pout (%)
20.83 10.42 1.04 10.42 5.21 0.52
8 31 30 10 10 10 4
12 47 47 45 27 26 23
= 16 55 55 53 35 35 32
o)
= 40 70 70 69 50 50 49
50 72 72 71 52 52 51
60 73 73 73 53 53 52

Table 75: Percentage of power output provided by the recovered power

At the following figure the power ratio, Prec/Pout (%), is shown, for brackish water

desalination of RO pressure of 12 bar and seawater desalination of RO pressure of 40 bar,

for RR = 20% and RR = 40%.
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Figure 87: Power ratio Prec/Pout for pressure exchanger with three combined double-acting cylinders
(RR=20%)
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Figure 88: Power ratio Prec/Pout for pressure exchanger with three combined double-acting cylinders
(RR=40%)
5.4.3. Energy autonomy

The proposed energy recovery design does not require a motor so additional power supply is
not needed.

5.4.4. Operation stability

The recovery ratio of this system is kept constant by the energy recovery device, since it is
defined by the area ratio of the inner and the outer surface of the pistons:
B _ (A - B) _ Arod _ (T[ ) d?od/4) _ (drod>2

RR=1-4 A A (m-daza \d
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5.4.5. Cost analysis

The cost of pressure exchanger with three combined double-acting cylinders is estimated at
4,000 € (Pearson pump). Using this price, it is assumed that 25% of the costs correspond to
installation costs, another 25% are related to assembly costs and 50% correspond to
material costs.

In addition, taking into account that the Pearson pump is developed for seawater
desalination, it is assumed that the pipe material required for seawater desalination is
stainless steel (316 SS), in order to withstand the high pressure, and that for brackish water
desalination polymer (PVC) pipes can be used. So assuming that PVC is 4 times cheaper than
316 SS, the material costs for brackish water desalination can also be estimated. Adding with
installation and assembly costs and using the scale factors calculated above, the cost of the
system is calculated for both brackish and seawater desalination for the selected flow rates.

Pearson pump
RR (%) 20 40 35
Qp (m3/h) 4.17 2.08 0.21 4.17 2.08 0.21 1.58
Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52 4.52
Cost (€, SW) 8,000 5,657 1,789 5,657 4,000 1,265 4,000
Cost (€, BW) 5,000 3,536 1,118 3,536 2,500 791

Table 76: Cost of the scaled ERD for BW and SW desalination

5.4.6. Manufacturing complexity

In order to develop the pressure exchanger with three combined double-acting cylinders for
the examined flow rates, the main tube, the pistons and the rod as well as the tubing of the
system have to be scaled accordingly. Thus, new resized components have to be
manufactured and assembled, making the development of this ERD particularly complex.

5.5. Inverse positive displacement pump

As explained in Paragraph 3.3, the Seawater pump with energy recovery device (SWPE),
developed by Danfoss, uses an Axial Piston Pump (APP) as a high pressure boost pump and
an inverse APP, namely an Axial Piston Motor (APM), as an energy recovery device. In SWPE,
the APP and the APM are both connected to a double shafted electric motor (Figure 41).
However, for SWPE the inlet feed pressure is required to be positive between 0.5 and 5 bar.
At speeds above 3,000 rpm the pressure at the inlet of the pump must be min. 2 bar. The
minimum pressure difference required by SWPE is 15 bar, because the motor is water
lubricated and if the pressure difference is lower, the motor wears out. By providing higher
inlet feed pressure, the pressure difference between the inlet and the outlet becomes lower
than 5-10 bar for brackish water. However, the inlet feed flow presses internally the APP
housing and the other parts, which are only designed to withstand maximum pressure of 5
bar.

Since, no additional power supply can be provided in the case of the examined RO
desalination system, it is investigated whether an ERD with the same configuration as SWPE
but without a motor can operate efficiently.
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In order to overcome the constraint of maximum 5 bar inlet feed pressure a centrifugal
pump or Grundfos BMP piston pump may be used instead of the Danfoss Axial Piston Pump
(APP). Thus, the suggested configuration would involve an Axial Piston Motor (APM) directly
coupled to a pump impeller.

High-pressure
feed water

High-pressure RO membranes
pump
Low-pressure

feed water

—> Permeate

ERD
High-pressure

Low-pressure
concentrate

concentrate

Axial piston motor
Figure 89: Axial Piston Motor directly coupled to pump

5.5.1. Energy efficiency

Using the characteristics provided by the manufacturer the efficiency of the SWPE is
estimated for the lowest and the highest capacity model at 1,450 rpm.

(1455V(\)lFr’;m) APP1.0/APM0.8 | APP2.5/APM1.8
RR (%) 29 32

Qf (m3/h) 0.50 1.25

Qb (m3/h) 0.36 0.85

pfin (bar) 3 3

pfout (bar) 80 80

Ap (bar) 0.4 0.4

pb (bar) 79.6 79.6

Pm (kW) 1100 2200

n (%) 57 66

Table 77: Efficiency of the SWPE (1450 rpm)

The low efficiency of the SWPE reinforces the need for a new design of the ERD. The overall
efficiency of the suggested ERD configuration is estimated as the product of the efficiencies
of the components. The efficiency of the APM is shown at the following table.

Danfoss APM APMO0.8 | APM 1.2 | APM1.8 | APM 2.9
N (rpm) 3000 3000 3000 3000
Qb (m3/h) 0.8 1.2 1.8 29
npm (%) 83 85 89 84

Table 78: Danfoss APM efficiency, npm (%)

It can be seen that the piston motor is developed only for three of the examined brine flow
rates. Therefore, the APM-driven pump is applicable for brine flow rate
Qp = 0.31,0.83 and 3.13 m3/h.
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Qb (m3/h) 16.67 8.33 0.83 6.25 3.13 0.31
npm (%) - - 83 - 84 83
Table 79: APM efficiency, npm (%)

The efficiency of piston pumps is higher than centrifugal pumps, especially for low brine flow
rates. Hence, the use of Grundfos BMP piston pump is considered and the efficiency of the
piston pump is taken into account.

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
nl (%) - 81 89 81 84 76

Table 80: Piston pump efficiency, n1 (%) (¢"ndfos /% 2013)

The overall efficiency of the APM-driven piston pump for the examined flow rates is

estimated:
Qf (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
nt (%) - = 74 - 67 63

Table 81: APM-driven pump overall efficiency, nt (%)

Since both the piston pump and the piston motor are designed for outlet feed pressure of 80
bar it is assumed the above calculated efficiencies refer to the case of outlet feed pressure
of 60 bar and, hence, he efficiency of the ERD for the other examined pressure values needs
to be assessed.

As in the case of the pressure exchanger with three combined double-acting cylinders a
torque balance at a random point of operation of the ERD is used in order to derive the
relation between the inlet feed pressure and the pressure losses.

Tpet = 0

=S F" + F, = FP

>pf-A+pp-B=pf""-A [36]

m-"l A - J' L
sl -I"Il-"'

mhriil"- Fl?bu't II--l I'illlll.

Figure 90: APM-driven piston pump
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Taking into account the friction losses and equation 12, RR =1 — B/A, equation 36
becomes:

= p" +pp - (1 - RR) — Apg = pp**  37]
= pit = p2U + Aps. — pp - (1 —RR)  [38]

The efficiency of the device is calculated as the ratio of the power output and the power
input:
_ Pout _ (p?ut - pifn) " Q¢
B P Qo
Using equation 38 and Q, = Q¢+ (1 — RR):

(p?“t — (P + Apgr —py - (1 — RR)))

=>n=
Pp - (1 — RR)
nzpb'(l_RR)_Apfr
Py ' (1 —RR)
A
Pp - (1 —RR)

= Apgr = pp - (1 —RR)* (1 —n)

So, pressure losses due to friction are calculated for the examined flow rates.

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
Apfr (bar) - - 12.40 - 10.56 13.30

Table 82: APM-driven pump pressure losses, Apfr (bar)

Using pressure losses the efficiency o the ERD is calculated for the examined pressures and
flow rates.
_ Apfr

Py (1 —RR)
For the case of feed flow rate of 5.21 m3/h the rotational speed of the piston pump (1,800
rom) is different than the rotational speed of the APM (3,000 rpm). Therefore, for
Q¢ = 5.21 m3/h, the use of a reducer spur gearbox (gear ratio of 1.67:1) is considered and

nt=1

gearbox efficiency of 95% is taken into account.

Qf (m’/h)
nt (%)

20.83 10.42 1.04 10.42 5.21 0.52

. - - - - - -

| 12 - - - - - -

B - - - - - -
S| a0 - : 61% - 53% 44%
L - - 69% - 61% 55%
60 - - 74% - 67% 63%

Table 83: APM-driven pump overall efficiency, nt (%)
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Due to high pressure losses the ERD is not applicable in the case of brackish water where the

outlet feed pressure required is low compared to the pressure losses. At the following figure

the efficiency of the APM-driven pump, for the examined feed flow rates, is presented.

65%

60%

55%

50%

Efficiency (%)

45%

40%

—fi—SW, pfout=40 bar (RR=20%)

/ —0—SW, pfout=40 bar (RR=40%)

Feed flow rate Qf (m3/h)

Figure 91: APM-driven piston pump efficiency

5.5.2. Power and pressure requirements

Taking into account the efficiency of the APM the power output of the APM is calculated:

af (m/h

Ppm (kW) ( )
20.83 10.42 1.04 10.42 5.21 0.52
8 - - 0.15 - 0.56 0.06
12 - - 0.22 - 0.85 0.08
E 16 ] ] 0.30 ] 1.14 0.11
2 40 - - 0.76 - 2.89 0.28
50 - - 0.95 - 3.61 0.36
60 ] ] 1.14 ] 434 0.43

Table 84: APM power output, Ppm (kW)

The pressure required at the inlet of the piston pump is calculated using the equation 31, as

in Pelton-driven generators, but the overall efficiency is defined: n¢ = n; - ng " npy

= pt" = pf"t —n, - (pf"* — Ap) - (1 — RR)

Using the overall efficiency of APM-driven piston pump (with gearbox in the case of
Q¢ = 5.21 m3/h), n,, calculated at Table 81, the required inlet feed pressure is calculated.
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Inlet feed pressure pfin (bar)

af (m*/h)
pfin (bar)

20.83 10.42 1.04 10.42 5.21 0.52

g - - - - - -

| 1 - - . - - -
3| 40 - - 20.72 - 27.46 29.54
N - - 22.72 - 31.76 33.54
60 - - 24.72 - 36.06 37.54

Table 85: Pressure required at the inlet of the piston pump

At the following figure the inlet feed pressure, pfin, is shown, for seawater desalination of
RO pressure of 40 bar, for the APM-driven piston pump for the examined feed flow rates.

30
28 - >\\<
26 1 —@—SW, pfout=40 bar (RR=20%)
24 - —>é=SW, pfout=40 bar (RR=40%)
22 -

] [ ]
20 T T T T T 1
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Feed flow rate Qf (m3/h)

Figure 92: Inlet feed pressure for APM-driven piston pump for BW and SW

As in the previous energy recovery concepts, another indicator of the performance of the
energy recovery device is the percentage of the power required at the inlet of the
membranes that is provided by the recovered power:

out _ _in

l:)rec — Ps Ps

out

Pout Pr

So in the case of APM-driven piston pump the percentage of the power provided to the

membranes that is provided by the recovered power is:
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Prec/Pout (%)

Qf (m’/h)
Prec/Pout (%)
20.83 10.42 1.04 10.42 5.21 0.52
3 - - - j j -
12 - - - - - -
5| : : : — — :
=
2 40 . . 48% : 31% 26%
50 - - 55% - 36% 33%
60 - - 59% - 40% 37%

Table 86: Percentage of power output provided by the recovered power

At the following figure the power ratio, Prec/Pout (%), is shown, for seawater desalination of
RO pressure of 40 bar, for RR = 20% and RR = 40%.
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Figure 93: Power ratio Prec/Pout for APM-driven piston pump for BW and SW

5.5.3. Energy autonomy

Since it is assumed that the APM is directly coupled to the piston pump without the use of
motor, no additional power supply is required.

5.5.4. Operation stability

As mentioned in the previous chapter, in the case where an APM is coupled to a piston
pump, the recovery ratio is constant (assuming no leakage), due to the fixed capacity
difference of the two components since they have the same rotational speed. However, at
low rotational speed of the pump (<1500 rpm), the leakage of water around the pistons
becomes relatively high compared to the leakage at higher pump speeds, resulting to the
significant decrease of the recovery ratio (Heijman, et al., 2010).
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5.5.5. Cost analysis

The cost of the piston pump is estimated:

Qf (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
Cost (€) - 7,000 3,500 7,000 5,700 3,500

t (HYDROLOGY, 2013)

Table 87: Grundfos BMPE piston pump cos

The cost of the APM is estimated:

Qb (m*/h) 16.67 8.33 0.83 6.25 3.13 0.31
Cost (€) = = 1,800 = 7,000 1,600

(Big Brand Water Filter, 2013)

Table 88: Danfoss APM price

The cost of the gearbox for the case of Q = 5.21 m3/h is assumed to be 200 €. Therefore,
the total cost of the APM-driven piston pump (with gearbox in the case of Q¢ = 5.21 m3/h)
is estimated:

RR (%) 20 40
Qf (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
Qb (m*/h) 16.67 8.33 0.83 6.25 3.13 0.31
Cost (€) - - 5,300 - 12,700 5,100

Table 89: Cost of the APM-driven piston pump for the examined flow rates

5.5.6. Manufacturing complexity

For the APM-driven piston pump the APM has to be coupled to the shaft of the piston pump.
In the case of Q¢ = 5.21 m3/h a gearbox has to be interposed.
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6. Selection of energy recovery concept

In this chapter the comparison between the energy recovery concepts is performed based
on the criteria evaluated in the previous chapter. The energy recovery concept that fulfils
most adequately the criteria is selected and further specifications required for the
development of this ERD are provided.

In order to perform a clear comparison between the five energy recovery concepts, the
cases of brackish water with RO pressure of 12 bar and seawater of RO pressure of 40 bar
are outlined for recovery ratio of 20% and 40% and all examined flow rates.

6.1. Energy efficiency

6.1.1. Pelton-driven generator

This ERD consists of a Pelton turbine coupled to a generator that is connected to the motor
of a centrifugal or a piston pump. The efficiency of the Pelton turbine is estimated at
No = 81% with nozzle efficiency ny = 96%, runner efficiency of ng = 93% and mechanical
efficiency Ny, = 91%. The generator efficiency is estimated:

af (m*/h)
ne (%)
20.83 10.42 1.04 10.42 5.21 0.52
BW (12 bar) 82 78 48 75 66 41
SW (40 bar) 88 85 69 84 80 53

Table 90: Generator efficiency, ne (%)

The motor efficiency is estimated:

af (m*/h)
nm (%)
20.83 10.42 1.04 10.42 5.21 0.52
BW (12 bar) 87 84 55 82 70 46
SW (40 bar) 92 89 72 88 85 58

Table 91: Motor efficiency, nm (%)

The efficiency of the multistage centrifugal pump and piston pump is estimated:

af (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
nl (%) 71 67 34 67 60 25

Table 92: Multistage centrifugal pump efficiency PUivel2ar Pompen, 2013)

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
nl (%) ] 81 89 81 84 76

Table 93: Piston pump efficiency (€ndfos A/5,2013)
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Efficiency (%)

Efficiency (%)

The overall efficiency of Pelton-driven generator with motorized pump is estimated:
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Figure 94: Efficiency of Pelton-driven generator with CP and PP respectively for selected flow rates (RR=20%)
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Figure 95: Efficiency of Pelton-driven generator with CP and PP respectively for selected flow rates (RR=40%)
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Efficiency (%)

Efficiency (%)

6.1.2. Pelton-driven pump

The efficiency of the increaser spur gearbox is estimated at 95%. The overall efficiency of the

Pelton-driven centrifugal pump or piston pump with gearbox is estimated:
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Figure 96: Efficiency of Pelton-driven CP and PP (RR=20%)
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Figure 97: Efficiency of Pelton-driven CP and PP (RR=40%)
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Efficiency (%)
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6.1.3. Pressure exchanger with two combined double-acting cylinders

The efficiency of pressure exchanger with two double-acting cylinders and the scale factor

for the pistons of the ERD are estimated:
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Figure 98: Efficiency of the ERD for BW and SW (RR=20%)
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Figure 99: Efficiency of the ERD for BW and SW (RR=40%)
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Efficiency (%)

Efficiency (%)

6.1.4. Pressure exchanger with three double-acting cylinders

The efficiency and the scale factor for the pistons of the pressure exchanger with three

combined double-acting cylinders without motor are estimated:
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Figure 100: Efficiency and scale factor of pressure exchanger with three double-acting cylinders (RR=20%)
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Figure 101: Efficiency and scale factor of pressure exchanger with three double-acting cylinders (RR=40%)
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6.1.5. Inverse positive displacement pump

The efficiency of the APM-driven pump is estimated.
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Figure 102: APM-driven piston pump efficiency

6.1.6. Comparison

Thus, the Pelton-driven piston pump with gearbox has the highest overall efficiency (up to
69%) among the examined Pelton-driven energy recovery concepts reaching 69% for
RR = 20% and Q¢ = 1.04m3/h. The efficiency of the Pelton-driven ERDs that include a
centrifugal pump drops with lower flow rate, while in the case a piston pump is included the
efficiency is not directly related to flow rate. The overall efficiency of the pressure exchanger
with three combined double-acting cylinders reaches 88% for seawater desalination of
pfUt = 40 bar and RR = 20%, while the efficiency of the device for brackish water
desalination is significantly lower, around 60% for RR = 20% and around 40% for
RR = 40%. The efficiency of the APM-driven piston pump is 61% for Q¢ = 1.04 m3/h and
p?“t = 60 bar. The most efficient energy recovery concept, for both brackish and seawater
desalination and for all examined flow rates, is the optimised pressure exchanger with two
combined double-acting cylinders reaching the overall efficiency of 96% for RR = 20% and

pfUt = 40 bar and 87% for RR = 20% and pf"* = 12 bar.
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6.2. Pressure requirements

As a result of the high efficiency provided, the optimised pressure exchanger with two
combined double-acting cylinders also requires the lowest inlet feed pressure for both
brackish and seawater desalination and all examined flow rates.

6.2.1. Pelton-driven generator

The required inlet feed pressure is estimated:
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Figure 103: Inlet feed pressure for Pelton-driven generator with CP and PP (RR=20%)
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Figure 104: Inlet feed pressure for Pelton-driven generator with CP and PP (RR=40%)
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6.2.2. Pelton-driven pump

The required inlet feed pressure for is estimated:

L1

RR=20%
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Figure 105: Inlet feed pressure for Pelton-driven CP and PP (RR=20%)
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Figure 106: Inlet feed pressure for Pelton-driven CP and PP (RR=40%)
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6.2.3. Pressure exchanger with two combined double-acting cylinders

The required inlet feed pressure and the pressure losses due to friction are estimated:
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Figure 107: Inlet feed pressure required for BW and SW (RR=20%)
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Figure 108: Inlet feed pressure required for BW and SW (RR=40%)

105



Pressure (bar)

Pressure (bar)

6.2.4. Pressure exchanger with three double-acting cylinders

The required inlet feed pressure and pressure losses due to friction are estimated:

Scale factor

Scale factor

—&—Inlet feed pressure pfin
(BW, pfout=12 bar)

——Inlet feed pressure pfin
(SW, pfout=40 bar)

=>é=Pressure losses Apfr (bar)

= Scale factor for pistons
(Qf=5.21 m3/h)

—&—Inlet feed pressure pfin
(BW, pfout=12 bar)

== Inlet feed pressure pfin
(SW, pfout=40 bar)

=>=Pressure losses Apfr (bar)

——Scale factor for pistons
(Qf=5.21 m3/h)

14 - 2,5
e —
12 20
10 -
// RR=20% | 15
8 - /
- - 1,0
6 | ~— 7 —- .l
4] - 0,5
2 T T T T 0,0
0 5 10 15 20 25
Feed flow rate Qf (m3/h)
Figure 109: Inlet feed pressure for pressure exchanger with three combined double-acting cylinders (RR=20%)
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Figure 110: Inlet feed pressure for pressure exchanger with three combined double-acting cylinders (RR=40%)
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6.2.5. Inverse positive displacement pump

The required inlet feed pressure is estimated:

Inlet feed pressure pfin (bar)
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Figure 111: Inlet feed pressure for APM-driven piston pump for BW and SW

6.3. Energy autonomy

For the case of Pelton-driven ERDs the recovery ratio may need to be fixed, especially in the
case of Pelton-driven generator where the pump and the Pelton turbine are not directly
connected. In order to maintain the permeate flow rate at a specific value an electronically
controlled valve that will direct the brine stream through an additional nozzle may be used,
so additional energy will be required.

Pressure exchangers both with two and three cylinders rely on the principle of positive
displacement and therefore provide constant recovery ratio and do not require additional
energy. However, additional power supply may be required in order to control electronically
the switching of the ERD in case the suggested mechanical switching proves to be inefficient.
In the case of pressure exchanger with three cylinders the switching of the operation is
supported by the interconnecting shaft of the cylinders.

In the case of the APM-driven piston pump the piston motor is directly coupled to the piston
pump and since both components work on the principle of positive displacement the
recovery ratio is constant and, hence, no additional power supply is required.

6.4. Operational stability

In the case of Pelton-driven ERDs external control of the operation may be required in order
to fix the recovery ratio and therefore additional power supply may be needed.

In the case of pressure exchangers and the APM-driven pump, the recovery ratio is fixed and
the operation of the ERD is self-regulated. For pressure exchangers only in case leakage or
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switching problems occur external steering of the operation and, hence, additional power
supply may be needed.

6.5. Cost analysis

The estimated costs of the examined energy recovery concepts are presented at the
following table.

RR (%) 20 40

af (m3/h) 20.83 10.42 1.04 10.42 5.21 0.52
Pelton-driven gen. with CP 4,000 3,500 3,000 3,500 3,000 3,000
Pelton-driven gen. with PP - 8,000 4,500 8,000 6,700 | 4,500
Pelton-driven CP with gearbox | 3,200 2,700 2,200 2,700 2,200 2,200
Pelton-driven PP with gearbox - 7,200 3,700 7,200 5,900 3,700
PX with two cylinders (BW) 7,992 | 5278 | 1,568 | 5,113 | 3,471 | 1,059
PX with two cylinders (SW) 12,788 8,445 2,509 8,181 5,554 1,694
PX with three cylinders (BW) 5,000 3,536 1,118 3,536 2,500 791

PX with three cylinders (SW) 8,000 5,657 1,789 5,657 4,000 1,265
APM-driven pump - - 5,300 - 12,700 5,100

Table 94: Cost of the energy recovery concepts (€)

Due to the scale up of the optimised pressure exchanger with two combined double-acting
cylinders required for high feed flow rates its price exceeds the price of other ERDs,
especially for seawater desalination. For brackish water desalination and especially for low
flow rate it remains competitive. Pelton-driven ERDs that include centrifugal pump are the
cheapest options, while for low flow rate the pressure exchanger with three cylinders also
maintains low cost. Pelton-driven ERDs that include piston pump are among the most
expensive options together with the APM-driven pump due to the high estimated cost of
piston pumps (and piston motors).

6.6. Manufacturing complexity

The optimised pressure exchangers require the manufacturing and assembly of resized
components which may be more complex and time consuming than the assembly of the
main components required for the other ERDs. However, Pelton-driven ERDs may require
additional effort in order to regulate their operation while the operation of pressure
exchangers and APM-driven pump is already regulated.

6.7. Proposed energy recovery concept

Consequently, the energy recovery concept that complies most efficiently with the above
criteria is optimised pressure exchanger with two combined double-acting cylinders.

The operation of the optimised pressure exchanger with two combined double-acting
cylinders relies on the principle of positive displacement. The ERD consists of two opposing
cylinders with pistons connected on a single rod that passes through a centre block. A
switching mechanism allows the cylinders to alternate between driving and pressurising. As
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pressure in the driving cylinder is lower than the inlet feed pressure the non return valve
opens and feed water enters in the driving cylinder. In the pressurising cylinder the non
return valve opens when the pressure in the cylinder is higher than the pressure in the
membranes. Pressure rise is achieved by directing the high pressure brine stream at the
pressurising cylinder between the piston and the centre block. Permeate water is produced
when the pressure is enough for RO to occur in the membranes. At the same time the low
pressure brine stream, present in the other cylinder is discharged.

The proposed switching mechanism involves the use the feed stream through grooves within
the rod and the centre block of the ERD in order to direct the brine stream to the required
cylinder. As shown in the following figure, when the driving piston reaches the centre block
the grooves on the rod align with the grooves of the centre block, allowing the feed stream
to flow towards the valve that provides the required direction to the brine steam and
enabling the discharge of the water present on the other side of the valve chamber.

131 131

/?34 132 Yty

=

136 -

Figure 112: Schenker ERD switching mechanism Schenker talia S.R.L., 2001)

In order to deliver the required power output this energy recovery concept is scaled
accordingly for the examined flow rates. Since the Schenker ERD is used as reference for the
dimensions of the drawings, provided below, scale factor f1 is converted in order to refer to
Schenker ERD. Scale factor f1 for the tubing, the switching mechanism and the check valves
of the device and scale factor f2 for the pistons of the device (both with reference to the
Schenker ERD) are presented subsequently, along with the derived piston diameter and the
rod diameter.

Qp (m*/h) 4.17 2.08 0.21 4.17 2.08 0.21
RR (%) 20% 40%

af (m*/h) 20.83 10.42 1.04 10.42 5.21 0.52
Scale factor f1 491 3.02 0.83 2.82 1.82 0.53
Scale factor f2 3.83 2.71 0.86 2.71 1.92 0.61
d (mm) 360 255 81 255 180 57
drod (mm) 161 114 36 161 114 36

Table 95: Scale factors and diameters of the optimised pressure exchanger with two double-acting cylinders
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At the following table the characteristics of the Schenker ERD are presented.

Qp (m’/h) 0.42
RR (%) 14.67
Qf (m*/h) 1.42
d (mm) 94
drod (mm) 36

Table 96: Characteristics of the Schenker ERD

At the following figure the dimensions (mm) of the Schenker ERD are shown as a reference
value for the size of the pistons of the optimised pressure exchanger with two combined
double-acting cylinders.
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Figure 113: Schenker ERD

At the following figure the dimensions (mm) of the optimised pressure exchanger with two
combined double-acting cylinders for RR = 20% and Q; = 10.42 m3/h are presented.
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Figure 114: Optimised pressure exchanger with two combined double-acting cylinders (RR=20%)

At the following figure the dimensions (mm) of the optimised pressure exchanger with two
combined double-acting cylinders for RR = 40% and Q; = 5.21 m3/h are shown.
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Figure 115: Optimised pressure exchanger with two combined double-acting cylinders (RR=40%)

110



7. Conclusions

The conclusions can be formulated as an answer to the main research question:

Which is the most efficient energy recovery concept for a small-scale autonomous
renewable-driven reverse osmosis desalination system?

In order to tackle this problem the suggested subquestions have been examined:

Which are the energy recovery technologies currently available and what are their
characteristics?

Both hydraulic to mechanical-assisted pumping and hydraulically driven pumping in series
(turbochargers) include turbine-driven pumps and therefore are classified as centrifugal
ERDs. Pelton turbines (impulse turbines) are more efficient than Francis turbines (reaction
turbines). However, turbochargers include a reaction turbine. Turbochargers are more
efficient than mechanical-assisted pumping since they do not include the turbine generator
and the pump motor.

Pressure exchangers consist of piston isobaric ERDs and rotary isobaric ERDs. Piston isobaric
ERDs are classified, according to their working principle, to single double-acting cylinder, two
double-acting cylinders, three double-acting cylinders and two valve controlled cylinders
ERDs. Piston isobaric ERDs deliver constant recovery ratio.

Pressure exchangers with a single double-acting cylinder, such as the PowerSurvivor
(Katadyn), have capacity of 0.006-0.013 m>/h and claimed efficiency of 96-98.4%.

Pressure exchangers with two combined double-acting cylinders, such as the Clark Pump
(Spectra Watermakers) and the Schenker Energy Recovery System (Schenker), are claimed to
reach efficiency of 97% and deliver permeate flow rate between 0.02-0.20 m>/h.

Pressure exchangers with three combined double-acting cylinders, such as the Pearson
Pump (Spectra Watermakers), require inlet feed pressure between 0.69-1.72 bar and
capacity of 0.16-0.79 m>/h. The power consumption of the motor required for the operation
of the Pearson Pump ranges from 0.46-2.29 kW.

Pressure exchangers with two valve-controlled cylinders, such as Dual Work Exchanger
Energy Recovery (Calder), require electronically operated valves and a booster pump while
they are claimed to reach efficiency of 98%.

Rotary isobaric ERDs, such as PX Pressure Exchanger (ERI, 2013) and iSave pressure
exchanger (Danfoss, 2013), require the use of a booster pump deliver permeate flow rate in
the range of 5-45 m>/h and are claimed to reach efficiency higher than 90%.

Seawater pump with energy recovery device (SWPE) consists of an Axial Piston Pump (APP)
and an Axial Piston Motor (APM), both connected to a double shafted electric motor
(Danfoss, 2013). As both the APM and the APP have fixed volumetric displacement, the
recovery ratio is fixed and the flow rate increases with higher rotational speed of the shaft.
The SWPE requires inlet feed pressure between 0.5-5 bar and delivers permeate flow rate of
0.14-0.82 m>/h. The power required by the electric motor ranges from 1.1 to 3 kW.

An overview of the characteristics of the aforementioned energy recovery technologies is
provided at Table 3.
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Which are the constraints set by the examined renewable-driven RO desalination system and
which energy recovery technologies meet these requirements?

The constraints deriving from the examined renewable-driven RO desalination system are:

e Permeate flow rate in the range of 0.04-4.17 m>/h
e Feed pressure between 8-60 bar

e Recovery ratio between 15-50%

e No additional power supply required

Turbine-driven generators, turbochargers and pressure exchangers with two combined
double-acting cylinders comply with the examined system characteristics. Since the Pelton
turbine efficiency is higher than the efficiency of the Francis turbine, the Pelton-driven
generator and the Pelton-driven pump are further evaluated. In addition, the Pearson Pump
and the Seawater pump with energy recovery device also meet the system requirements
and they may have such working characteristics that in principle zero power consumption
can be accomplished. Thus, both the pressure exchanger with three combined double-acting
cylinders and the use of inverse positive displacement pump as a motor are further
investigated.

Which energy recovery concepts are suggested for these requirements and how do they
comply with the criteria set?

The proposed energy recovery concepts are:

e Pelton-driven generator with centrifugal pump or piston pump

e Pelton-driven centrifugal pump or piston pump with gearbox

e Pressure exchanger with two combined double-acting cylinders
e Pressure exchanger with three combined double-acting cylinders
e  APM-driven piston pump

Their evaluation was based on energy efficiency, power and pressure requirements, energy
autonomy, operational stability, cost effectiveness and manufacturing complexity for the
examined operating range.

In more detail, the Pelton-driven piston pump with gearbox has the highest overall efficiency
among the examined Pelton-driven energy recovery concepts. The efficiency of the Pelton-
driven ERDs that include a centrifugal pump drops with lower flow rate, while in the case a
piston pump is included the efficiency is not directly related to flow rate. The overall
efficiency of the pressure exchanger with three combined double-acting cylinders is high for
seawater desalination, while the efficiency of the device for brackish water desalination is
significantly lower. The efficiency of the APM-driven piston pump is lower than the efficiency
of pressure exchangers but still higher than Pelton-driven concepts. The most efficient
energy recovery concept, for both brackish and seawater desalination and for all examined
flow rates, is the optimised pressure exchanger with two combined double-acting cylinders.

As a result of the high efficiency provided, the optimised pressure exchanger with two
combined double-acting cylinders requires the lowest inlet feed pressure for both brackish
and seawater desalination and all examined flow rates.

In terms of energy autonomy, for the case of Pelton-driven ERDs the recovery ratio may
need to be fixed, especially in the case of Pelton-driven generator where the pump and the
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Pelton turbine are not directly connected. In order to maintain the permeate flow rate at a
specific value an electronically controlled valve that will direct the brine stream through an
additional nozzle may be used, so additional energy will be required.

Pressure exchangers both with two and three cylinders rely on the principle of positive
displacement and therefore provide constant recovery ratio and do not require additional
energy. However, additional power supply may be required in order to control electronically
the switching of the ERD in case the suggested mechanical switching proves to be inefficient.
In the case of pressure exchanger with three cylinders the switching of the operation is
supported by the interconnecting shaft of the cylinders.

In the case of the APM-driven piston pump the piston motor is directly coupled to the piston
pump and since both components work on the principle of positive displacement the
recovery ratio is constant and, hence, no additional power supply is required.

Regarding the operational stability, in the case of Pelton-driven ERDs external control of the
operation may be required in order to fix the recovery ratio and therefore additional power
supply may be needed.

In the case of pressure exchangers and the APM-driven pump, the recovery ratio is fixed and
the operation of the ERD is self-regulated. For pressure exchangers only in case leakage or
switching problems occur external steering of the operation and, hence, additional power
supply may be needed.

Due to the scale up of the optimised pressure exchanger with two combined double-acting
cylinders required for high feed flow rates its price exceeds the price of other ERDs,
especially for seawater desalination. For brackish water desalination and especially for low
flow rate it remains competitive. Pelton-driven ERDs that include centrifugal pump are the
cheapest options, while for low flow rate the pressure exchanger with three cylinders also
maintains low cost. Pelton-driven ERDs that include a piston pump are among the most
expensive options together with the APM-driven pump due to the high estimated cost of
piston pumps (and piston motors).

Finally, the optimised pressure exchangers require the manufacturing and assembly of
resized components which may be more complex and time consuming than the assembly of
the main components required for the other ERDs.

Which is the most applicable energy recovery concept according to the criteria set?

Consequently, the optimised pressure exchanger with two combined double-acting cylinders
fulfils most adequately the criteria set. In order to deliver the required power output this
energy recovery concept is scaled accordingly for the examined flow rates. The proposed
switching mechanism involves the use the feed stream through grooves within the rod and
the centre block of the ERD in order to direct the brine stream to the required cylinder.
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8. Recommendations

Regarding the optimised pressure exchanger with two combined double-acting cylinders it is
possible that the proposed switching mechanism may result to high hydraulic pressure
losses due to the narrow grooves required and therefore another switching principle may be
considered. In this context, the switching mechanism may include a reversing valve as the
one used in the Clark Pump (Paragraph 3.2.1.2). In this case, when the inner surface of the
driving piston reaches the centre block, a pilot valve gets mechanically actuated and inverses
the process instantly by moving the reversing valve. If high hydraulic losses are estimated
also using this mechanism, it is suggested that the direction of the pistons is inversed
electronically. Therefore, hydraulic losses due to switching are avoided and minor additional
power consumption is required.

Furthermore, in the case of the optimised pressure exchanger with three combined double-
acting cylinders it has been assumed that hydraulic pressure losses are 3.58 bar for all
examined flow rates and the required scale factor for the tubing, the switching mechanism
and the valves of the ERD has not been estimated. Thus, it is suggested that a model
describing the hydraulic pressure losses of the pressure exchanger with three combined
double-acting cylinders is developed so that the required scaling of the ERD for hydraulic
pressure losses of 3.58 bar is estimated. In this sense, it can be assessed what are the lowest
hydraulic losses achieved within feasible scaling of the ERD for the examined flow rates.

Finally, in the case of both optimised pressure exchangers it has been proposed that the
devices scale accordingly in order to respond to the examined flow rates. This suggestion
aims to further reduce the pressure losses of the device and hence deliver high efficiency at
high flow rates as well as maintaining as low as possible the cost of the device. In case the
resizing of the device is considered a complex procedure, multiple pressure exchangers can
be connected in parallel in order to respond to high flow rates. However, significantly higher
costs will occur, the efficiency of the energy recovery system will remain the same for all
flow rates while the recovery ratio and the flow rate of the process will be restricted to the
values of the used pressure exchanger.
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9. Appendix
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Figure 116: ERI Turbocharger LPT-1000 drawing

Figure 117: ERI Turbocharger AT-4800 drawing
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