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ABSTRACT

The objective of this thesis is to explore innovative systems and FPV plant configurations,
capable of increasing efficiency and reducing LCOE. In the context of the study of the
integration of FPV systems in water basins, numerical models have been developed that
allow to estimate the evaporation rate in relation to the characteristics of the floating systems
and the occupied water surface. Models to evaluate the performances of different plant
solutions (monofacial-bifacial, fixed and tracking), in active and passive cooling conditions
have been implemented. An economic evaluation was carried out for each type of FPV
analyzed in order to verify the competitiveness of an FPV system compared to a classic
GPV. For the models validation, data collected by the floating photovoltaic experimental
system, installed at the Enel Innovation Hub and Lab in Passo Martino (CT) in Italy, was

used.

Results shows that, installing the FPV on 50% of the basin area, can be obtain a water saving
of 73%. Thanks to the natural cooling of the modules, a gain of more than 5% can be obtained
and, depending on the module technology and climatic conditions, this gain can be greater
than 7%. By using bifacial modules, an energy gain ranging from 5% to 13% can be
obtained, depending on the albedo. By implementing active cooling systems with a film of
water, which integrate well into FPV systems, an energy gain greater than 9% can be
obtained. As regards the tracking systems, for intermediate latitudes an increase higher than
47% can be obtained for Dual axis tracker. With non-evaporated water that can be sold for
irrigation or in the form of electricity produced by the HPP plant, it is possible to obtain
revenues greater than 3 $ / kWp in the first case and greater than 4 $ / kWp in the second
case. Considering all these benefits, an FPV system can be more competitive than a classic
GPV system. In fact, from the studies reported in this work it is possible to obtain an LCOE
that is 20% lower than GPV.



Contents

INAEX OF FIUIES ...t e b e e ar e e e aaeeenaeeenees 8
INAEX OF tADIES....cueeuiiieieiiee e 11
NOMENCIALUTE ......eeeiiieeiiie et e e et e e et e e et e e s taeesssaeesaseeesseeensseeenneeas 14
I INErOAUCTION . ..etiitieieeiieeee ettt ettt e 17
1.1 General background.............oociieiiiieiiiee e 17
L2 ODBJECLIVES cuuvieuiieiiieiieeiieeiteeite et ete et eete bt esete e bt e ssbeeteesnbaesseeenseesaesnsaens 20
1.3 ThesiS OULINE ....cc.vviieiiicciie e e e e e 21
2 LATETAtUIE TEVIEW ...euvieuieiieniieiieitteteeite sttt ettt e sttt ste et et e st et st e sbe e beeseesbeenees 23
2.1 Bifacial photoVOItaiC.......cc.eiieiiieciieeiie e e 23
2,11 TeChNOIOZY ..ottt et ens 23
2.1.2  Performance modelling.........ccceeviieeiiieeiiieeieecee e 23
2.1.3  Energy production and appliCations ...........ccceeveereveerieenireeneeenreennenneens 25
2.2 Floating photovoltaic power plants............cccccuveevieeriieieiie e 31
2.2.1 Concept of floating PV plants...........cccoeoeeriiienieniiienienieeieeeeee e 31
2.2.2 COOIMNG.cccetiiiciii ettt ettt et e et e e e st e e s e e e evaeeaaeeesaeeeraeeennaeas 35
2.2.3  Tracking SYSIEIMS ......ceecvieruiieiieeieeiieeieeieeeteesteeeeeesseeseseeseesseensnesseens 40
2.2.4 Hybridization of FPV......ccoiiiiiiiee e 46
2.2.5 Environmental iMPact.........cccceeeviieriiieieeniienieeniieeteenieeeveeieeereenenesneens 48
2.2.5.1 Els of plant design and allocation.............ccceeeueeerrieerieeeeieeeeeene 49
2.2.5.2  Els during plant CONStruCtion...........ceecveerieerieerieenieeieenreeveeseeeenne 49
2.2.5.3  Els during plant Operation.............cceeeeueeeecuieesiieeenieeerveeeeeeeeevneens 50
2.2.5.4 Els of plant decOMmISSIONING..........cevveerieerieeriierieeieenereeveeneneenns 52
2.2.6  Economical @SPECLS.......cccvuiierrieeiiieeiiiieeiieeeieeeereeeevee e e eereeeraeeeaneas 52
2.2.6.1 Capital expenditure (CAPEX) ...c.cooiiiiiiiiiiieiieeeeee e 52
2.2.6.2  Operating expense (OPEX) ....ccccoooiiiiiiiiiieeeie e 54
2.2.6.3 Levelized cost of electricity (LCOE)......ccccccevviiniieiiiiniiciiee, 56
3 Experimental plants at Enel Inn. Lab—Passo Martino............cccceecvveeeveeennennee. 58
3.1 INtrOAUCHION. ...ttt 58
3.2 SYStEmMS AESCIIPLION ...eeeuevieeiiieeiiieeiieeeieeeetee et esree e e e e eereeeeaeeennees 59
3.2.1  COOlNG SYSLEIM ...eieuviiiiieiieeiieeiee ettt ettt ettt e e e et esaee e 63
3.2.2  Measuring MNStIUMENLS........cccureerrreerieeerieeenreeesaeeessreeessneeessseeensseesnseens 64
3.2.3 Consideration on installation ...........cccceeeieriiiiiiinieniieeceee e 66
4 Evaporation rate models on a water basin with FPV plants .............c.cccceeenn.. 71
4.1 INErOAUCTION. ...ttt 71
4.2 Features of FPV ... 71
4.3 MethOdOIOZY .....eeeiieiieeiiee et 73
4.3.1 EVMiree based on the DoE and linear regression method...................... 75
4.3.2 EVMppy for covered water SUrfaces ..........cocceeeeeeiiienieeciienieeiceeeeeieans 76
4.3.2.1 Suspended photovoltaiC COVETS.......cuerrrireriieeiiieeriee e 77
4.3.2.2 Floating photOVOItaiC COVETS.....cccutrruieriieiieeieeriieeieeniieeiee e 78
4.3.3 Yield indexes and model compariSOn...........cccveeerveeerveeenieeeniee s 80
4.4 Test validation of EVM .....ccccoiiiiiiiiiiiiiceeeee e 80
4.4.1 Numerical models for evaluation of the evaporation rate of free water
SUTTACES ..ttt ettt ettt ettt ettt et et e b enees 81
4.4.1.1 Data and MEASUTEMENTS .......cccueerreeriierieeniienieeniee e enieeeeeeseeeseeens 82

4.4.1.2 DoE and linear regression evaporation models .............cccceeveennenn. 83



4.4.1.3 Comparison of the proposed EVMs with the Penman-Monteith

model 83
4.4.14 Comparison between models and measures...........ccceeceeeeveenrennnnnn. 85
4.4.1.5 Comparison of cumulated evaporation............c.ccceevveeerieerenveeenneen. 88
4.4.2 Evaporation proposed models for partially covered surfaces................. 90
4.4.2.1 Data and measUrCMENLS ..........ceecuveerrurreeirireeieeesreeesreeesreesnreesneens 90
4.42.2  Suspended SYSLEMS ......ccceeeiierieeiieriieeieenieeieeseeeeaeesieesreeneeeeneens 92
4.4.2.3 Floats that cover the entire surface below the module (Figure 34a)
93
4.4.2.4 Flexible floats (Figure 34d), in direct contact with the water ........ 95
4.5 CONCIUSIONS ..ottt ettt ettt sttt ettt 97
5 Thermal models for evaluating the performances of monofacial and bifacial PV
INOAULLS ...ttt sttt et sttt et sttt et et b et 99
5.1 INErOAUCTION ... s 99
5.2 MethOdOLOZY....cooiiiiiiiiieiieeieeeeee ettt et e 99
5.2.1 Mathematical Model of PV cell temperatures...........cccceeeveereveernrennee. 100
5.2.2  Model deSCription ........c.eecvieriieriierieeiieeieeieesee et eseeereeseeebeesenesseens 100
5.2.3 Energy balance equations .........ccccueeeveeeriieenieeeiieeeevee e e e e 102
53 Experimental r€SULLS .......cc.eevuiiiiieiiieniieiieeeeeee e 106
5.3.1 Comparison of measured and calculated data for monofacial module.109
5.3.2 Comparison of measured and calculated data for bifacial module....... 112
5.3.3 Effect of solar radiation on the back of the module .............c............... 113
5.3.4 Models used to assess the performance of PV plants............c.cce....... 119
5.4 CONCIUSIONS ..vevvieeiiiieeiiieeeieeeeiteeeeteeesteeestteestaeessaeesssaeessseeensseeesseeennseenns 120
6  Energy performance models for FPV systems .........ccccccvevveeciienienciienieeieenen. 121
6.1 INErOAUCTION ..ot e e e eare e eanee e 121
0.2 MethOdOLOZY ... .coouieiiieiieieeieee ettt et 121
6.2.1 Floating modules with passive cooling .........c.cccccueeeeveeeiieercieeenieeeee, 123
6.2.2 Floating modules with active coOling...........cccceevvieriieiiienieesiienieeneens 125
6.2.3  ModelS COMPATISON ......ecvuviieeiieeeiiieeeieeeeieeeeree e esre e eaeeeareeeaaeeenns 126
6.3 Test Of MOAEIS ....ovieniiiieiieieeee e 127
6.3.1 Temperature models COMPATISON .....c..eeevevirerrieeriiieeiee e e e 130
6.3.1.1 Floating bifacial modules with passive cooling vs rooftop.......... 130
6.3.1.2  Floating monofacial modules with passive cooling vs rooftop.... 131
6.3.1.3  Floating bifacial modules with active cooling vs rooftop ............ 132
6.3.1.4 Floating monofacial modules with active cooling vs rooftop ...... 133
6.3.1.5 Thermal behaviour of modules..........c.ccecevieniriiniiniiiinieeeee 133
6.3.1.6  Statistical analysis .......cccccccveeririieriiieeriee e 138
6.3.2 Performances COMPATriSON .........c.eccuierueerieeriienieeieenreesieeseeereesseesneens 139
6.4 CONCIUSIONS ..uvvvieieviieeiieeciee et e eeiteeestteeertteeetaeessaeesssaeessseeessseessseessseenns 141
7  Adaptation of PV simulation software to FPV systems ..........cccccceeverveeneennen. 142
7.1 INErOAUCTION ..ot e e ae e eere e enaee e 142
7.2 Preliminary information ............ccocveeeiieriieeiieniieeie e 142
7.3 Models COMPATISON ......eeeeeriieciiieeieiieecie e et eieeeetee e reeesree e reeesereeenaseeens 145
7.4 Software adaptation and PV technology comparison..............cccecvvennennee. 145
7.4.1 Calibration of MOdelS .........coovuiiiriiiiiiiiiiee e 146
7.4.1.1  Thermal models validation ............c.cceeeerierieniniienieieieseeeene 147

7.4.1.2  POWET COMPATISON ...eeeniieiiieniieeiieeiie et eiee et site st iee e neeeeaeeens 152



7.4.2 Energy performance analysis and models comparison........................ 154

TA.2.1  CatANIa ...eeoeieiiieiieeeeee ettt st 156
7.4.2.2  Frankfurt .....coocoviiiiiiieeeeeeeeee e 158

7.5 CONCIUSIONS ...ttt et e 160

8  Energy performance analysis of different FPV design solutions .................... 161
8.1 INErOAUCTION......eieiiieeciie ettt e e e e e eraeeeaaee e 161
8.2  MeEthOdOLOZY ...ccuvieiieiiieiieeie ettt ettt et et e e seeenneens 161
8.2.1 Configurations analysed ...........ccceeevieeriiieeiiiieeie e 162
8.2.2  Thermal IOSSES ....cc.ceruirieriiiiieiieieeieete et 163
8.2.3  CompariSON INAICES......ccuuririurieeiiiieeiiieeerieesreeeereeesreeeeaeeerreeeaaeeeeeees 163

8.3 RESUIES .ottt 165
8.3.1  ANAPO DAM ...eiiiiiiiiiiieiiiee et e 165
8.3.1.1  FixXed SYSIEIMS...cueeiiieiieeiiieiieiie ettt ettt et e 165
8.3.1.2  Gable SYSLEMS ..eeeeieieiiieeiieeeiie ettt 167
8.3.1.3  Horizontal single-axis tracking system E-W ............cccccoeevvennennn. 167
8.3.1.4 Horizontal single-axis tracking FPV system N-S...........c........... 173
8.3.1.5 Vertical single-axis tracking SySte€m..........c.ccceerveeruieneercreennnennn. 179
8.3.1.6  Dual axis tracking SyStem ..........cccueevvuieeriiieeriiieeriee e 182

8.3.2  AAr Daml...ceiiiiiiiiiie e 184
8.3.2.1  FiXed SYSLEIMS...ceeiuiiieiiieeiiieeiieeeieeeeiee et e e steeeeiveeeeeeesaeeeeanee e 184
8.3.2.2  GabIe SYSIEMS ....eeeiiieiiieeiieeieeeie ettt e 186
8.3.2.3  Horizontal single-axis tracking system E-W ...........cccccoevvveenene 186
8.3.2.4 Horizontal single-axis tracking FPV system N-S............c........... 191

8.3.2.5 Vertical single-axis tracking SySte€m...........cccceeevvieerveeeiveeeenneenne 196
8.3.2.6  Dual axis tracking SYStem ...........cccuervieriienieeriienie e 199

8.4 CONCIUSIONS ... vvieiiieeeiieecieeeeieeesiteeetteeeeeeeetaeesbaeessseeessseeesseeesseessneenns 201

9  Economic analysis of FPV plants............ccccevviieiiienieiiieniecicceeceeeeeeeee 203
9.1 INErOAUCTION. .. ..eiiiiieeciie e e et e e e etae e eanee e 203
0.2 MethOdOLIOZY ....ccviiiiieiieiieeieecte ettt eeees 203
0.2.1  CAPEX .ottt ettt 205
0.2.2  OPEX ...ttt 205
0.2.2.1  REVENUES ....vviiieiiiieeeeiieeeeeieee e et ee e et e e e e aae e e esetaeeeesnnseaeeesnees 206

0.2.3  LICOE ...ttt 208

93 RESUILS ..ottt et e e e e erae e eaaeeen 209
0.3.1  CAPEX .ottt 210
0.3.2  OPEX ...ttt nae s 211
0.3.3  LICOE ...t 213
9.3.3.1  Sensitivity of LCOE........cccoiiiiiieiiieeeeeeeeeeee e 214

0.4 CONCIUSIONS.....tiiiiiieieeiie ettt ettt sttt et b et et eee e 216
10 Conclusions and PrOSPECES.......ccvieerureeriireeriieeereeeereeerreeesaeeesreeenaeeessseeeneeees 218
10.1  CONCIUSIONS...cuuieuiiiiieiieieeiieet ettt ettt e b 218
10.2 Recommendations for future Works...........cccceveviieiiviiiiiiie e, 221
BiDIOGIAPNY ...t e naaeenne 223
Appendix A: Statistical evaluation INdEXEeS ..........ccueeevreerireeeriiieeriee e e 236

ACKNOWIEAZIMENLS ....ocvviiiiieiieciii ettt ettt et veestee e seeesseenaee e 238



Index of figures

Figure 1 Global energy mix up to 2050 as forecast by BP Energy [1].......ccccceenne. 17
Figure 2 World development trend of PV market share between mPV and bPV

1051 11 T0) (0 Feq T S USSR 18
Figure 3 Global installed floating PV capacity ......c..cccccevueviiniiiinienenienicneeienene 19
Figure 4 Equivalent circuit of bifacial cell [19] .......ccooiiiiiiiiiiiice 24
Figure 5 BG in function of module height and albedo, for El Gouna (Egypt) and
Costance (Germany) [21] coueeeeueeeiiieeiiee ettt et e et e e e eeaeeenaeesnnee e 26
Figure 6 Bifacial gain vs diffuse irradiance factor and albedo as a parameter [21]...27
Figure 7 Roof semi-transparent and vertical barrier realized with bPV [10]............. 28
Figure 8 Building ventilated fagcade with integrated bifacial photovoltaic modules
installed at the University of Catania (Italy) .......cccceeeiieriiieniiieiecee e 29
Figure 9 Noise barriers With bPV [21] ..cc.ooiiiiiiiiiiieeeeee e 29
Figure 10 Simulated radiation received by a VMBM and a CMMM on a given day in
SINZAPOTE [20] .ottt ettt ettt st e bt e et e e et e st e e beeenbeesaesnseenneeenne 30
Figure 11 Schematic representation of a typical large-scale FPV system with its key
COMUPOTICTILS ... uveeeutieeeuiteeeitteesiteeeetteeettee ettt e sabteeesbbeesabteesaseeesabeeensbeesnbeesnsseesnseesneeenns 32
Figure 12 Design solutions of FPV in the market..........c.cccoooiiiiiiniines 33
Figure 13 Evaporative PV Solar Chimney and Air conditioning system scheme [44]
.................................................................................................................................... 38
Figure 14 PV roof system with evaporative cooling [46] ........ccccevveeverveniineencnnnn 39
Figure 15 Tracking system with confinement, for a platform of 50 kWp.................. 42
Figure 16 Rope system which allows 2 or 1 axis tracking ...........cccceeceeverieneeniennne 42
Figure 17 HAT with gable Structure.........cccoouieriiiiiiniiiiieeeeeeeeeeee e 44
Figure 18 K-water tracking installation...........c.ccooerieniniiniininicnieneccceceene 44
Figure 19 Classification of tracking FPV ... 46
Figure 20 Schematic of a hybrid FPV-hydropower system ............cccccoeevevienienneenen. 46
Figure 21 PV modules installed on a floating base made of Bamboo........................ 49
Figure 22 Plants monitored by Enel Green Power at the Enel Innovation Hub and
Lab in Catania (IT) ..ccccueeeeeieeeiie ettt e st e e e e sabeeesaeesnaeesnnee e 58
Figure 23. A 6 different solution installed in the lake Of EGP .........ccccccceviiniiennenn 60
Figure 24 Ground mounted PV plant (GPV)......cccooviiiioiiieeeeeeeeeee 61
Figure 25 Relevant geometrical variables of the PV systems.........c.cccocevveviencincnnene. 62
Figure 26 Weather station (dot line) and FPV system position (continuous line) .....62
Figure 27 Components of cOOliNg SYStEIM .......cc.eevuiriiriiiiieniiniieienierieeeeeee e 63
Figure 28 Floating mono-bifacial cooled modules...........cccoooueiiiiiiiniiiniiiiiiinicnes 64
Figure 29 Scheme of cooling SYSteM.........cccueeiiiiiiiieiiieiieiie et 64
Figure 30 Overview of the proposed test bench...........ccccovveviiieniiiiiiie e, 66
Figure 31 (a) solution (bifacial-monofacial) ...........ccceevuierieniiieniiiiiiieeeee e, 67
Figure 32 (b)-(c) solution (bifacial-monofacial) .......c.cccooeeriiiiiiniiniiiiieee 68
Figure 33 Animals and FPV systems in perfect symbiosis ..........cocevervuerienieciennene. 70

Figure 34 Typologies of FPVs (a) the floats cover entirely the surface below the
module, (b) modules anchored to a buoyancy system, (c) canal top solar systems, (d)

F1EXIDIE FlOALS. ..eeieieiieeiiee e et e e eaneeen 73
Figure 35 Water surface energy balance .............cccoeveeeiiinieeciieniieieeiece e 76
Figure 36 Biviere Lake in Lentini (CT) [taly ......ccccooeiieeiiieniiieceeeee e 81




Figure 37 Monitored variables for 51 days at Passo Martino Lake (CT).................. 82
Figure 38 Comparison among reference model (Penman-Monteith) and proposed

TNOAEIS ..ttt sttt 84
Figure 39 Graphical comparison between literature models and measurements....... 87
Figure 40 Graphical comparison between proposed models and measurements ...... 88
Figure 41 Cumulated Evaporation..........cccceecvieeiiieeiiiieeiie e e 89
Figure 42 RH and ambient temperature in Lentini (CT) ......ccccevevieviineniineenennene 91
Figure 43 Solar radiation and wind speed in Lentini (CT). ......cccceeviveeiiieniieeniienn, 91
Figure 44 Daily and cumulated evaporation for free and 50% of CWS by suspended
PV S ettt ettt a et et e ne e reenteeneenes 93
Figure 45 Daily and cumulated evaporation for free and 50% of CWS by floating
FPVE ettt ettt ettt ettt eeneennas 94
Figure 46 Daily and cumulated evaporation for free and 50% of CWS by floating

2l SV 2 PSSR 96
Figure 47 Schematic representation of the mono and bifacial modules.................. 100
Figure 48 PV module layers: a) monofacial; b) bifacial.............ccccoccvvveeiieninennnenn. 101
Figure 49 Equivalent thermal circuit for multilayer proposed model ..................... 102
Figure 50 Graphic representation of temperature sensor positioning...................... 107
Figure 51 Experimental data used for monofacial module.............cccccveriinenncnnne. 108
Figure 52 Experimental data used for bifacial module............cccccoevviieiciieiiiennnnen. 109
Figure 53 Front glass temperature modeled vs measured (m-module) ................... 110
Figure 54 PV cells temperature modeled vs measured (m-module)........................ 111
Figure 55 Back tedlar temperature modeled vs measured (m-module)................... 111
Figure 56 Modeled temperatures of the layers (b-module) ..........cccccvevveviennneennnen. 112
Figure 57 Back-glass temperature modeled vs measured (b-module)..................... 113
Figure 58 Tpv vs Irradiance (Gr) at U=3 M/S....ccoeeiiiiiiiiiieiieieeeeeee e 114
Figure 59 Tpv vs [rradiance at U =3 m/S........ccccevvuirrrieriieriienieeieeee e 116
Figure 60 Comparison of TPV derived by different models ............ccccoeerinneennn 119
Figure 61Graphic schematization of the passive cooling case. ..........ccccccveeveennennne. 122
Figure 62 Graphic schematization of the active cooling case. ...........ccceccveriuiennennne. 122
Figure 63 Weather data from 03/08/19 to 05/08/19 ......coevvvevvieiiiiiieiieieeee, 128
Figure 64 Weather data of 30/07/19 ....cccuooiiiiiiieeeeee e 129
Figure 65 Simulated and measured back surface temperature of bifacial
rooftop/floating MOdUIE ..........c.coiiiiiiii e 130
Figure 66 Simulated and measured back surface temperature of monofacial
rooftop/floating MOdUIE ..........cccoiiiiiiii e 131
Figure 67 Simulated and measured back surface temperature of bifacial
rooftop/floating MOdUIE ..........cccoiiiiiiii e 132
Figure 68 Simulated and measured back surface temperature of monofacial
rooftop/floating MOdUIE ..........c.coiiiiiiii e 133
Figure 69 Bifacial absolute modules temperature and difference in temperature of
rooftop and FPV systems for passive COOlNg ..........cccuveeeviiieeiieeiiieeiee e 135
Figure 70 Monofacial absolute modules temperature and difference in temperature of
rooftop and FPV systems for passive COOlNG ..........cccveeeieieriieeniieciee e 136
Figure 71 Bifacial absolute modules temperature and difference in temperature of
rooftop and FPV systems for active COOlING........ccocuieviieiiiniiiieieeceeeee 137
Figure 72 Monofacial absolute modules temperature and difference in temperature of
rooftop and FPV systems for active COOlING........ccocuieriieiieiiiiiieieeceeeee 138




Figure 73 BG and FG for FPV mono and bifacial cooled systems............c.cccueneee 140

Figure 74 Effect of the waves on the pontoon...........ccceecvveeiiiiencieecie e, 144
Figure 75 Weather data from 13 to 16 July 2019 .....ccoooiiiiiiiiiiiieeee e 147
Figure 76 Flow chart for the optimization of the heat transfer coefficients of the
temperature models of the software cswl and cSW2 ........cccoeveveeiiieiiieiienieciee, 149
Figure 77 Monofacial temperature comparison measure vs cswl and csw2 ........... 150
Figure 78 Bifacial temperature comparison measure vs cswl and csw2 ................. 151
Figure 79 Monofacial power comparison measure vs cswl and csw2.................... 153
Figure 80 Bifacial power comparison measure vs cswl and csw2 ........ccccceceeveennee 154
Figure 81 Algorithm of geometrical optimization...........ccceeecvveevreeerieeenieeeiee e 156
Figure 82 Trend of Ymn for Horizontal single-axis tracking E-W and fixed F/GPV
] 1511 USRS 169
Figure 83 Trend of Ymn for Horizontal single-axis tracking N-S and fixed F/GPV

] 1511 SRR 175

Figure 84 Trend of Ymn for Vertical single-axis tracking and fixed F/GPV system 180
Figure 85 Trend of Yms for Horizontal single-axis tracking E-W and fixed F/GPV

£ 11S) 111 USRS 187
Figure 86 Trend of Yms for Horizontal single-axis tracking N-S and fixed F/GPV

) £ 11S) 111 USSP 192
Figure 87 Trend of Yms for Vertical single-axis tracking and fixed F/GPV system 197
Figure 88 Revenues in relation to h for the different electricity costs ..................... 212
Figure 89 ALCOE in function to ACAPEX ......cccoiiiiiiieeeeeee e 215

10



Index of tables

Table 1 Effect of some parameters on the energy produced by the mono and bifacial

MOAUIES [22] 1nirieeiiie ettt ettt e et e e e e e e e tb e e e tbeeeaseeeaaeeeaseeensaeeenraeas 27
Table 2 Simulated BG of modules installed in two locations for albedo coefficients
OF 0.2.aNd 0.5, o ettt ettt ebeen 30
Table 3 Characteristics of the plants...........cccccveeriieiiiieeiieeecee e 61
Table 4 Characteristics of electrical SENSOTS.........ccceeriiiiiieniieiierie e 65
Table 5 Characteristics of the measuring InStruMENts ...........cceeeeeveeerveeerveeenieeninneenns 65
Table 6 List of examined literature models (EVMiree)....ccovvieririeriieeiiieeiiieeeiee e, 74
Table 7 Polinomial equations for DoE and Linear regression proposed models....... 76
Table 8 Proposed Evaporation Model for free water basins..........ccoccecveveeveniennenne. 83
Table 9 Comparison among reference model (Penman-Monteith) and proposed
1007016 1<) OO PRRTRPRUT 84

Table 10 Statistical comparison between reference measures and literature models 85
Table 11 Statistical comparison between reference measures and proposed models 86

Table 12 Numerical comparison of cumulated evaporation...........cccceeeveeeeveennnennne 90
Table 13 Yearly Water evaporation for suspended FPV ........ccccoocviiiiniininicnnene. 92
Table 14 Yearly Water evaporation for FPVF a......occoiiiiiiiiiiiiieee, 94
Table 15 Yearly Water evaporation for floating FPVF d.....cccocvviiiiniininine. 97
Table 16 Statistical evaluation for monofacial module ...........c.cccooceiiiinininnnn 110
Table 17 Statistical evaluation for bifacial module .............ccceevieriiiiiiniiiie 113
Table 18 Simulated SCENATIO.......cc.ueriiiiiiiiiiiieeeeeeee e 114
Table 19 Cell temperature for bifacial module............cccoevvieriiiiiiniiiiiieee, 115
Table 20 Cell temperature for monofacial module.............ccceeviiiiniieiniiiiieeen. 116
Table 21 Bifacial Cells temperature at 0. ¢. and M.p.p....ccceeveereveerieecieenieeiieneeee 118
Table 22 Monofacial cells temperature at 0. c. and M.P.P..ccceeevvveerieeerieeeieeeee. 118
Table 23 Water parameter used in the thermal model..............cccoooeviiiiniininnnns 126
Table 24 Statistical indexes of floating temperature models...........cceeevveeeeveennenn. 138
Table 25 Performances indexes for mono and bifacial modules with active and
PASSIVE COOIIME...eeiuiiiiiiiieeiiie et e et e et et e e et e e et e e et e e e abeeessbeeenseesnsseesnsneesnsneesnnes 141
Table 26 Statistical indices of mono- and bifacial PV module temperatures calculated
by the models implemented in csw1 and CSW2. ........coecvvieriiieeiieeiee e 151
Table 27 Statistical indices of the power of mono- and bifacial PV modules calculated
by the models implemented in csw1 and CSW2..........oeeviieriiiieniieiiiecee e 154
Table 28 Performances of monofacial system (Catania) .............cceeeeeeieeniercrienneenne. 156
Table 29 Performances of bifacial system with hw=0m.......c..cccceevrvrirrrcirnniiennen. 157
Table 30 Performances of bifacial system with hw =0.9 m.........ccoociiiiiinniinnnn 157
Table 31 Bifacial gains for hw=0 me...........ccccoiiiiiiiiiiieee 158
Table 32 Bifacial gains for hw=0.9 M.......cccoceviiiiiiiiiiiee 158
Table 33 Performances of monofacial SysStem...........ccceeevueeeriiiieniieeniie e, 158
Table 34 Performances of bifacial system with hw=0 m.........cccoeeiiiiiiininniinnne 158
Table 35 Performances of bifacial system with hw=0.9m .........cceevivirrniinnnnnnen. 159
Table 36 Bifacial gain for hw=0m ........cccceooiiriiiiiiiiieeee 159
Table 37 Bifacial gain for hw= 0.9 M.......cccccoiiiiiiiiiiiee 160
Table 38. Geometrical variables of the PV systems .........ccccccevevieniiniiinieeiiee, 163
Table 39 Y for fixed F/GPV SyStems........cccoeiiiiiiiiiiniiiieeeeceeeee 166

11



Table 40 BG for fiXed SYSTEM .....cccueeiuiiiiieiieeieeiie et s 166

Table 41 FG for fiXed SYStEM .....cccviiiiiiieiiieeieeceeee e e 167
Table 42 Ym, GGL and FG for gable solution............ccceecvievieniiienieeiieie e 167
Table 43 Yms for Horizontal single-axis tracking E-W F/GPV systems.................. 168
Table 44 BG for Horizontal single-axis tracking E-W system............c.cccceeeveennennne. 170
Table 45 FG for Horizontal single-axis tracking E-W system..........c.cccccceeeeveenneen. 170
Table 46 TGm for Horizontal single-axis tracking system E-W.............c.cccoeneeee. 171
Table 47 TBG for Horizontal single-axis tracking FPV system E-W ...................... 172
Table 48 TFG for Horizontal single-axis tracking monofacial FPV system E-W ...172
Table 49 TBFG for Horizontal single-axis tracking FPV system E-W.................... 173
Table 50 Yms for Horizontal single-axis tracking N-S F/GPV systems................... 174
Table 51 BG for Horizontal single-axis tracking N-S system...........cccccccvveeruveennneen. 176
Table 52 FG for Horizontal single-axis tracking N-S system ...........ccccoeevereveennnnnne. 176
Table 53 TGmn for Horizontal single-axis tracking system N-S..............cccocceeeen 177
Table 54 TBG for Horizontal single-axis tracking FPV system N-S...................... 177
Table 55 TFG for Horizontal single-axis tracking monofacial FPV system N-S ....178
Table 56 TBFG for Horizontal single-axis tracking FPV system N-S..................... 179
Table 57 Yms for Vertical single-axis tracking and fixed F/GPV system................ 179
Table 58 FG for Vertical single-axis tracking SyStem............cccecveevuveeiienieeeireennnennn. 181
Table 59 TG for Vertical single-axis tracking SyStem...........ccceevevveerveeerieeerveeennnen. 181
Table 60 TFG for Vertical single-axis tracking monofacial FPV system................ 182
Table 61 Yms for Dual-axis tracking F/GPV system.........cccocceeviiiiinniiiiniciieene 182
Table 62 FG for Dual-axis tracking SyStem............cccceeruieriiieniieeiiieieeieeee e 183
Table 63 TG for Dual axis tracking SyStem ..........ccccecveeeiiieeeiieeiiie e 183
Table 64 TFG for Dual axis tracking SyStem............cceevveeciieniieniieeriieeieeree e 183
Table 65 Ym for fixed F/GPV SyStems ........cccoeviiiiiiiiiiiiiieecceceee e 184
Table 66 BG for fiXed SYSTEM .....ccceeeiiiiiiiiieeieeitecie ettt 185
Table 67 FG for fiXed SYStEM .....cccviiiiiiieiieeie et e 185
Table 68 Ym, GGL and FG for gable solution............ccceecvveviieeiiienieeiieiecieeeeee 186
Table 69 Yms for Horizontal single-axis tracking E-W F/GPV systems.................. 186
Table 70 BG for Horizontal single-axis tracking E-W system............c.cccceevveennennne. 188
Table 71 FG for Horizontal single-axis tracking E-W system ............ccccccevieeennne 188
Table 72 TGmn for Horizontal single-axis tracking system E-W.............c..cccoeneee. 189
Table 73 TBG for Horizontal single-axis tracking FPV system E-W ...................... 189
Table 74 TFG for Horizontal single-axis tracking monofacial FPV system E-W ...190
Table 75 TBFG for Horizontal single-axis tracking FPV system E-W.................... 191
Table 76 Yms for Horizontal single-axis tracking N-S F/GPV systems................... 191
Table 77 BG for Horizontal single-axis tracking N-S system..........cccccoeveeriiiennennne. 193
Table 78 FG for Horizontal single-axis tracking N-S system ...........c.cccccvereveennnnnn. 193
Table 79 TGmn for Horizontal single-axis tracking system N-S...........ccccoininnns 194
Table 80 TBG for Horizontal single-axis tracking FPV system N-S...................... 194
Table 81 TFG for Horizontal single-axis tracking monofacial FPV system N-S ....195
Table 82 TBFG for Horizontal single-axis tracking FPV system N-S..................... 196
Table 83 Yms for Vertical single-axis tracking and fixed F/GPV system................ 196
Table 84 FG for Vertical single-axis tracking SyStem............ccceceerieeieeneesireenneennn. 198
Table 85 TG for Vertical single-axis tracking SyStem..........c.cceeeevvereiversieneenennns 198
Table 86 TFG for Vertical single-axis tracking monofacial FPV system................ 199
Table 87 Ym for Dual-axis tracking F/GPV system........cccccoceeveriiniinenniiniinennns 199

12



Table 88 FG for Dual axis tracking SYStem ...........ccceevuieriienieiiieiieeieeiie e 200

Table 89 TG for Dual axis tracking SyStem ...........ccccveeevieeriiieeniie e 200
Table 90 TFG for Dual axis tracking SyStem ...........ccceeeeeiienieriiienieeieenie e 200
Table 91. Geometrical variables of the PV systems analysed..........c.cccccveeveuveennenn. 204
Table 92 Y value for different power plant in Anapo Dam (Sicily)........c.cccueennen.e. 210
Table 93 CAPEX for different FPV plants for a peak power of 1 MW .................. 211
Table 94 Revenue of irrigation in relation to price of water..........cceccvvevveeiiennennne. 211
Table 95 OPEX Of FPV PIants........cccoeieiiieiiiiieiieeeee et 213
Table 96 LCOE of F/GPV plants.........ccccoeviieiieiieiiieieeeeeee e 214
Table 97 ACAPEX (ALCOE = 0) values for three scenarios analysed................... 215
Table 98 Minimum/maximum ALCOE for different FPV ...........ccccoiiiiiniinnnn. 216

13



Nomenclature

A [m?]

a [%]

BF [%]

BG [%]

C [J/K]

C [dimensionless]
c [J/kg K]

c [$]

CF [%]

DHI [kWh/m?]

d [m]

E [mm d]

EE [kWh]

e, [kPa]

e, [kPa]

F [dimensionless]
fa [%]

FG [%]

G [W/m?]

GG [%]

GHI [kWh/m?]

Gr [dimensionless]
h [W/m?K]

h [m]

I [A]

L [m]

LW [MJ m2d]

m [ke]

n [year]

N [MJ m2d!]

Nu [dimensionless]
P [W]

Pr [dimensionless]
Price [$]

p [m]

Q [m?/s]

Q [MJ m?d]

r [%]

Tq [sm]

R [ohm]

Ra [dimensionless]
Re [dimensionless]
Rev [$]

R, [MJ m2d]

R, [MJ m2d!]

R, [MJ m2d!]

Latin symbols

Surface Area

Albedo

Bifaciality factor

Bifacial gain

Heat Capacity

Cloudiness function
Specific heat

Cost

Capacity factor

Diffuse horizontal irradiation
Pitch or distance
Evaporation

Electrical energy

Actual vapor pressure
Saturation vapour pressure
View factor

Diffuse irradiation factor
Floating gain

solar irradiance

Gable gain

global horizontal irradiation
Grashof number
Convective coefficient
Height

Current

Length

Long wave radiation

Mass

Life of PV plant

Water heat

Nusselt number

Power

Prandtl number

Price

Perimeter of the PV module
Pump flow rate

Net radiation at the water surface
Discount rate

Aerodynamic resistance
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Rayleigh number
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Revenue

Direct horizontal solar radiation
Diffuse horizontal solar radiation
Horizontal solar radiation
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Thickness of material

Surface

Short wave radiation

Temperature
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Tracking gain

Tracking floating gain

Tracking floating bifacial gain
Wind speed h meter above the ground surface
Voltage

Volume

Percentage of cover of water surface
Equivalent operating hours

Height of water basin

Greek symbols

Absorbance

Thermal coefficient
Tilt angle

Emissivity
Efficiency

Thermal conductivity
Latent heat of vaporisation
Density

Boltzmann constant
Transmissivity

Heat source

Azimuth angle

Subscripts

air

apparent

Bifacial

Cover

Cumulated

Back glass surface
back

Conduction
Convection
Cooling
difference

diffuse

dry bulb

Eva material
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energy
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HPP
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obj
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FPV
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STC
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floating
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Incoming
Irrigation

Linear regression
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Module
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Capital expenditure

Commercial software PVsyst
Commercial software SAM (System Advisor Model)
Covered water surface

Design of experiments
Environmental impact

Evaporation models

High density polyethylene

Hydro power plant

Levelized cost of electricity

Normal Operating Cell Temperature
Objective function

Operating Expense

Floating photovoltaic

Gestore dei mercati energetici
Ground photovoltaic

Standard Test Conditions
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1 Introduction

1.1 General background

With the emergence of several developing economies and exponential population
growth, the growing demand for energy cannot be sustainably met by burning the ever-
decreasing fossil fuel reserves. The use of these fuels, in fact, generates global
warming and climate changes which in the long term irreversibly will damage the

earth.

Renewable energies, offer an ecological and economical alternative to fossil fuels, are
already playing a big role in energy production, a role which is only expected to grow

further, as visible in Figure 1.

100%

609

i
1900 1915 1930 1945 1960 1975 1990 2005 2020 2035 2050

Figure 1 Global energy mix up to 2050 as forecast by BP Energy [1]

One of the methods to produce clean energy is Photovoltaic (PV). This sector has
grown significantly in recent years, representing a considerable proportion of the
global energy produced by renewable energy sources. By the end of 2019, total
installed PV capacity reached 518.2 GW worldwide and 138 GWp in Europe [2]. A
terawatt-peak could be reached shortly after 2020, according to the annual market

analysis of the European PV sector association Solar Power Europe [3].

There are, however, two factors that could limit the further development of PV

technology, namely:
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e invasiveness and environmental impact: according to real data reported in [4] for
USA, the capacity-weighted average land use for utility scale PV plants ranges
between (in ha/MWac): 2.39 (fixed) + 3.81 (2-axis) for medium size PV (> 1 MW,
<20 MW) and 2.35 (fixed) + 3.64 (1-axis) for large PV (> 20 MW).

e intermittency and availability for a limited time (between 1000 and 2000 hours per
year).

In relation to the two points listed above, possible solutions have been proposed in

literature: to use the concept of "agrivoltaics", that is to use the same surface of land

in a synergistic way both to produce photovoltaic energy and for conventional

agriculture [5], intensify the use of PV above or below water surfaces (eg lakes,

reservoirs, sea). This latest technology called Floating PV, began to take hold in 2015

thanks to numerous plant projects installed around the world [6].

The solutions mentioned above become even more performing, using high efficiency
modules (conversion efficiency to date it has reached values around 24% [7]) or

bifacial modules that capture the solar radiation also on the rear surface [8].

In recent years bifacial technology, both in the market and in the academic
environment, has aroused considerable interest so as to predict a market share of 70%

in 2030 (see Figure 2) [9].
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Figure 2 World development trend of PV market share between mPV and bPV technologies [9]

Numerous research studies, including simulations and experiments, on bifacial

technology have been conducted in scientific settings [10]. However, to have a further
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impetus, it is necessary to fill some gaps, for example: to define standards for
measuring indoor performance and to define simulation models to be used to predict

their performance in real plants [11].

The FPV capacity in 2018 reached a total of 1.3 GWp worldwide [12], a very
significant figure as it corresponds to 0.2% of the cumulative installed capacity in the

world of PV systems.

Figure 3 shows the evolution of the installed power from 2007 to 2018.
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Figure 3 Global installed floating PV capacity

FPV installations therefore, open new avenues for increasing solar generation
capacity, especially in countries with high population densities where there are
competing uses for land availability. They have some advantages over GPV systems,
including the use of existing electricity transmission infrastructures in hydroelectric
power plants, compactness and modularity, proximity to demand centers (in the case
of water supply tanks) and better energy yield thanks to to the cooling effects of water.
The exact extent of these benefits has yet to be confirmed by larger installations, at
different latitudes and over time, but in many cases they can offset the current higher
capital cost. The ability to add floating solar capacity to existing hydropower plants is
of particular interest, especially in the case of large hydroelectric sites which can be
managed flexibly. Solar capacity can be used to increase hydroelectric production
capacity and can also help optimally manage water availability. The hydroelectric

source can also compensate for the variability and unpredictability of solar production.
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Other potential benefits of floating solar include: reducing evaporation in water tanks,
as solar panels provide shade and limit evaporative effects; the improvement of water
quality, thanks to the reduction of algae growth; the reduction or elimination of the
shading of the photovoltaic modules; the elimination of the need for major site
preparation, such as leveling or foundation laying, which must be performed for

ground installations.

In this thesis work some aspects and advantages mentioned above will be studied, with
the aim of making FPV systems competitive respect to the classics PV, using
innovative technologies such as bifacial modules and water active cooling techniques,

which allow to reduce the cost of the energy produced.

1.2 Objectives

To achieve the objectives set during the drafting of the PhD research project, i.e. to
explore innovative systems and FPV plant configurations, capable of increasing
efficiency and reducing LCOE, it was first of all necessary to carry out an extensive
bibliographic search of the existing literature and subsequently deepen the topics of

interest, filling the gaps in the literature.

The development of the research had a modeling-experimental methodological
approach. Models have been proposed for estimation of evaporation in presence of
FPV systems on water basins and for performance evaluation of different plant
solutions (monofacial-bifacial, fixed and tracking), in active and passive cooling
conditions.

An economic evaluation was carried out for each type of FPV analyzed in order to

verify the competitiveness of an FPV system compared to a classic GPV.

For the models validation, data collected by the floating photovoltaic experimental
system, installed at the Enel Innovation Hub and Lab in Passo Martino (CT) in Italy,

was used. The test bench description is reported in Chapter 3.
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1.3 Thesis Outline

The introductory and concluding chapters of this work are respectively in Chapter 1
and Chapter 10, with Chapter 1 introducing the research work and Chapter 10
summarizing the results and contributions provided to the research, with indications

for future research.

Chapter 2 presents a review of the existing literature and provides the necessary basis
for tackling subsequent chapters. It contains a brief and general description of the

bifacial technology (bPV) and floating (FPV) systems.

Chapter 3 describes in detail the experimental system with which the implemented

models were compared.

Chapter 4 describes in detail the methodology developed to estimate the reduction of

evaporation in presence of partial coverage of water basins with FPV systems.

Chapter 5 is a preliminary study of Chapter 6 and presents a multilayer temperature
model for estimating the performance of mono and bifacial modules. This will be used

to implement the FPV systems models.

Chapter 6 details the methodology developed to predict the performance of an FPV
array under active and passive water cooling of the modules. Aspects relating to the
interaction between the water surface and the FPV plant from an energy point of view

are analyzed.

Chapter 7 describes in detail the methodology developed to make commercial software

tools usable for FPV plant performance estimation

Chapter 8, on the basis of the methodology suggested in Chapter 7, shows the results
of the yield of an FPV array in the long-term using different plant solutions, that is
mono or bifacial modules and tracking systems with single horizontal or vertical axis
and double axis. Therefore, it provides the energy data to be used in the economic

evaluation phase of FPV systems.

Chapter 9 show comparative economic analysis on the basis of the energy performance
obtained in the previous chapters and on the basis of the evaporative models that made
it possible to estimate the reduction of evaporation in the presence of partial coverage

of the water surface. Therefore, by calculating the LCOE of the various innovative
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solutions studied, the competitiveness of an FPV system is assessed compared to a

GPV system.

In Chapter 10, the results achieved and future prospects are summarized.
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2 Literature review

To fully understand the work developed in this thesis it is necessary to establish a
common ground of basic knowledge in several issues. This knowledge will be reached
in the following sub-chapters, where the research existing up to now in the context of

bifacial technology and floating systems is introduced.

2.1 Bifacial photovoltaic

Bifacial photovoltaic (bPV) technology is considered a promising alternative to the
conventional monofacial PV (mPV) technology as it can generate more energy than

mPV by absorbing sunlight from front and back sides.

2.1.1 Technology

Various technologies have been developed in order to increase the efficiency of the
cell, those on the market are: PERC, PERL, PERT, HIT, IBC and DSBCSC [8]. The
difference between the various technologies lies in the different bifaciality factor BF
which ranges from 70% -80% for PERC, IBC and DSBCSC, 80-85% for PERL and
PERT and 95-100% for HIT. The last one has the best performance.

The bPV modules on the market are substantially with two types of backsheet, that is

glass or transparent organic material. They can also be with or without a frame.

2.1.2 Performance modelling
To predict the performance of bifacial modules, since solar energy is also captured on

the rear, it is necessary to review the simulation models of traditional monofacial PV
modules. In particular, the thermal, electrical, and optical models need to be reviewed.
The optical models implemented for the bifacial modules must take into account the
front (G), rear (Guk) solar radiation and the albedo of the ground (a).

These models utilize different methods to calculate the rear irradiance contribution and

fall into three general categories: raytracing models, view factor models and empirical

models [13].
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The temperature of the cells of a PV module is one of the main factors that influence
the performance of a system, in fact it is necessary to know this variable in order to

estimate the power produced.

The thermal models for the bifacial modules depend on the type of module (glass glass,
glass-organic material with or without frame). In literature there are several studies on
such topic [14] [15].

In PVsyst software, a thermal model based on the Faiman model [16] is used.
Coefficients are usually equal to 25 W/m? K and 1.2 W/m® s K, respectively.
Yusufoglu et al. in [17] apply NOCT method with corrected value of Tnoct, assuming

it 2°C higher than the corresponding value used for monofacial cell.

Energy balance models are based on energy balance equations of the modules. Solar
radiation, wind speed, ambient temperature are usually the input variables.

In [18] a model in which it is possible to calculate the temperature of the various layers
of the module is presented.

For the electrical characterization of a bPV, the energy produced by the rear must also
be taken into account. There are three different models for calculating the power
produced, namely: single-point power, characteristic point and equivalent circuit.

In [19] authors propose the equivalent circuit of Figure 4, in which the front and rear

are implemented in a similar way.
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Figure 4 Equivalent circuit of bifacial cell [19]
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2.1.3 Energy production and applications
The method for evaluating the energy gain of bifacial systems is to calculate the so-

called bifacial gain (BG) obtained from the difference in energy produced/equivalent
operating hours between a bifacial and monofacial module, normalized with respect to

the energy produced/equivalent operating hours by the monofacial.

BG is defined by Eq. 1

Yb - Ym Eq. 1
m

The use of bPV technology made it possible to increase the energy produced

BG% = 100

(BG=35%) for the same area occupied [20]. Specifically, high BG values, such as
those listed above, can be obtained in the case of modules installed in a single row,
with a high soil albedo coefficient and a height above the ground of 1.5 m and optimum

tilt [21].

The efficiency of a bifacial module can be determined using the following equations.

Mojm-fr = Ngrsre[1 = Bo(Tyw — Tsrc) + v1og (Gpr)] Eq.2

For the backside of bifacial can be calculated as:
Np-pk = BF Tlfrsrc[l — Bo(Tpy — Tsrc) + vlog (Gpi)] Eq.3

Where BF' is the bifaciality factor and is defined as follows:

__ Nsrc bk

BF Eq. 4

Nsrc fr

Significant advantages in terms of energy production were found on large-scale plants,
in which very often the soil is treated in order to increase its albedo. Unlike systems
with monofacial modules, they are also sensitive to the height above the ground/water.
In addition, the energy gain, as already mentioned, are also a function of the reflection
coefficients of the ground/water and the surrounding environment. Figure 5 shows the
BG in function of albedo and height above ground for two different locations: El
Gouna (Egypt) (Latitude: 27° N, Longitude: 33° E) and Costance (Germany)
(Latitude: 47° N, Longitude: 9° E) [21].
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Figure 5 BG in function of module height and albedo, for E1 Gouna (Egypt) and Costance (Germany)
[21]

The BG is also dependent on diffuse radiation. In locations with a higher diffuse
irradiance factor (ratio between diffuse and global radiation) the gain due to bifaciality

increases.

The physical phenomenon of this behaviour is quite intuitive since as it is well known,
in the rear part of the module, there is only diffuse and reflected radiation. This causes
an increase in the performance of the bifacial modules, which are also active on the

back, compared to the monofacial modules with the same other climatic conditions.

Figure 6 shows the BG trend as a function of the diffuse irradiance factor for two

albedo values.
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Figure 6 Bifacial gain vs diffuse irradiance factor and albedo as a parameter [21]

A comparative analysis about the main factors that impact the energy yield of mono
and bifacial was addressed by Fraunhofer in [22]. A summary of the results of the

comparison is reported in Table 1.

Table 1 Effect of some parameters on the energy produced by the mono and bifacial modules [22]

Yield depends on: m | b
STC power T+ |+
Module properties + | +r

Tilt angle: The bifacial module is more sensitive to tilt as it is active on both the back
and front

Height: In the case of a bifacial module, the view factor of the rear also depends on the
height, therefore, the energy collected is also a function of this last quantity. In the 0 ++
monofacial module there is no dependence on height as the rear part is not active.
Albedo: In the case of a bifacial module, the back surface is active, so the collected
energy is greatly influenced by the reflected radiation. The monofacial module is not
active on the rear so in the case of row installations, only the first row is sensitive to
albedo

Shading effect by mounting structure: the structures of the bifacial modules must be
made in such a way as to minimize the shading on the back, therefore they influence 0 +
the energy yield while in the monofacial they do not.

+ |+

Calculations performed by Shoukry in [21] have shown a BG up to 35% for a single
rows module. By using white reflector plates under the modules, gains of 55% were

achieved, and >60% for sun-belt tracking system near the Equator.

A study carried out for different locations around the world reveals that single-axis
tracker installations are currently favourable in most regions of the world as they are
advantageous with respect to fixed-tilt and dual-axis tracker installations. Authors

found that a combination of bifacial modules with one-axis trackers produces the
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cheapest electricity (LCOE 16% lower than conventional systems) by significantly

boosting energy production (35% more than conventional systems) [23].

Simulations for offshore applications were carried out in [24]. The results show that
the north/south facing bifacial solar panels experienced a maximum 55% of solar
irradiance exposure compared to the monofacial panel when operating on the water
surface. As for the east/west facing modules, it was found that a maximum 31% extra
solar irradiance exposure was experienced compared to the monofacial panel when
operating on the water surface.

In addition to large-scale bPV systems, bPV technology is also used for the
construction of integrated PV systems (BIPV), such as the integration of vertical

facades, roofs and fences (Figure 7).

Figure 7 Roof semi-transparent and vertical barrier realized with bPV [10]

There are numerous benefits to this application. First, they not only generate
electricity, but also function as conventional building materials. Moreover, they are
frequently cleaned as they are part of the building and therefore the enormous cleaning
costs are reduced and at the same time the performance is improved. As shown in
Figure 7, they can also be installed vertically with both sides in the sun so as to capture

the energy in any orientation. This is impractical with monofacial modules.

In this regard, it is good to report some results regarding performance for this type of
applications. For a vertical ventilated wall, a study by Tina et al. in [25] shows that
performance gains of up to 7.4% can be achieved for south facing walls with a
reflective interior wall treatment. The results are based on a study developed at the
laboratory of Electrical Energy Systems of the University of Catania in which the

experimental plant of Figure 8 was created.
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Figure 8 Building ventilated fagade with integrated bifacial photovoltaic modules installed at the
University of Catania (Italy)
Other common applications are the use of bPV modules to build ‘noise barriers’

(Figure 9) for example in highways, installed vertically and with E-W oriented facades.

Figure 9 Noise barriers with bPV [21]

The power production profile of the E-W configuration is shown in Figure 10. The
diffuse fraction is set to be 0.18 and albedo is set to be 0.35, which are practical values
for clear-sky conditions in Singapore. From the two curves, can be seen that the

radiation received by the VMBM (Vertical mounted bifacial module) in the whole day
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is 8.54 kWh, which is larger than the radiation received by the CMMM (common
mounted monofacial modules with optimal tilt) that is 7.38 kWh [26].
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Figure 10 Simulated radiation received by a VMBM and a CMMM on a given day in Singapore [26]
Studies on E-W installation configurations were conducted in [21]. Authors shown
that a module with this configuration, in certain locations, is able to obtain a gain

greater than 15% compared to a classic monofacial system installed in the south.

In particular, the results summarized in the Table 2 were obtained. As can be seen, BG
increases for larger albedo and is higher in Constance, due to higher amount of diffuse

irradiance.

Table 2 Simulated BG of modules installed in two locations for albedo coefficients of 0.2 and 0.5.

El Gouna Constance
BG (Monofacial south- a=0.2 a=0.5 a=0.2 a=0.5
facing vs Bifacial vertical) -14.88 % -5.99 % -4.52 % +15.77 %

Several ongoing studies are being carried out thanks to a collaboration between the
‘Laboratory of Electrical Energy Systems’ of University of Catania and EGP at the
'Enel Innovation Hub and Lab' in Catania (IT) to evaluate the performance of the
bifacial FPV modules installed on water. In the following chapters the results obtained
from the experimental analysis will be shown. To increase the reflected radiation (low

in the case of surfaces such as water), plans are being made to install highly reflective
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components made from low-cost material. In this regard, sheets and light-colored

floating spheres are being tested to evaluate the further increase in energy.

2.2 Floating photovoltaic power plants

2.2.1 Concept of floating PV plants

Solar PV modules are generally installed over ground and rooftops using rigid
mounting structures. Due to the low availability of land, dense population and severe
threat of deforestation interest have been directed towards the installation of PV panels
over canals, lakes, reservoirs, and oceans. PV panels are installed over water bodies
by making them float using suitable technology and such installations are called FPV
plants. The electric power output of PV panels highly depends on incident solar
radiation and the temperature of the panels. Shadow effects are negligible in FPV
systems and the temperature of panels can be lowered by water with active or passive

cooling techniques.

The schematic view of a FPV system is depicted in Figure 11. As shown in this figure,
the main components of FPV systems are pontoon/floats, mooring systems, PV panels,
and electric cables and connectors. Pontoons are devices that float by itself along with
PV panels by buoyancy including a space for human accessibility. Pontoons are mostly
made of high-density polyethylene (HDPE) which is UV resistant, corrosion-resistant,
and has a high tensile strength [27]. The mooring system is a component that is used
to keep the pontoons in the desired location, position, and prevent them from moving
away. Rigid supports in the form of anchorages are provided using plinths in the
bottom of the reservoir to take care of dead loads and lateral forces [28]. Generally,
rigid flat-type PV panels are used in FPV systems, however, flexible panels which are
adjustable according to wave movement are more attractive [29]. Trapani and Millar
[30] developed a FPV array containing T3F-PV modules. In this case, they
manufactured a small-scale prototype of a thin film based FPV system installed on an
enclosed water body in Sudbury, Canada. The results of the 45-day operation indicated
a 0.5% reduction in electric efficiency mainly because of sediment blockage on FPV
modules, while an average electric improvement of 5% was reported because of the

water-cooling effect for three months.
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Figure 11 Schematic representation of a typical large-scale FPV system with its key components

Several technical installation proposals come from industry and research. Figure 12
shows some of the technologies proposed by industry.
In particular, Figure 12 (a) shows the suspended systems, (b) submerged/flexible

systems, (c¢) floating systems on pontoons.
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Figure 12 Design solutions of FPV in the market

Strong winds and uneven surface are two significant factors imposing threats on rigid
PV panels [31]. Most of the water bodies have salinity which may affect the PV panel
frames, hence polymer-based frames and supports are desired for longer life of panels.
Electricity produced from FPV panels over water bodies is transported to the land
through electric cables, hence waterproof, high-temperature resistance cables and

junction boxes are required for the long life of the system [32] [33].
The main advantages of FPV technology can be summarized in the items below:

e Strong reduction of land occupancy. The main advantage of floating photovoltaic
systems is that they do not occupy land, with the exception of the limited surfaces
for the components necessary to feed energy into the grid, for example,
transformers and inverters. FPV systems therefore have less impact on the
environment and do not compete with areas for agricultural use. The fact of not
using the land makes them cheaper because among the items of capital costs, there

will certainly be no purchase of the land.

e Reduction of evaporation. The water saving effect depends on the climatic
conditions and the percentage of the area covered. This effect can produces a

saving of more than 20,000 m®/year/ha, which is very useful especially in basins
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for irrigation purposes or hydroelectric plants where the saved water can be fed
into the turbine. Regarding this specific topic, it will be explained in more detail in

the next chapters as it has been the object of study in this thesis.

The reduction of algae growth, where there is the phenomenon of eutrophication,
can be a positive effect as it improves the quality of the water.

Installation and decommissioning. FPV systems are more compact than ground
systems, as the surface on which they rest is perfectly horizontal and flat.
Installation and decommissioning are simpler if compared to ground systems as
there are no fixed structures and the mooring of floating systems can be carried out
in a totally reversible way, unlike foundations used for a ground system.

Cooling. Cooling can take place passively thanks to the favourable microclimate.
Some studies declare an increase in energy related to passive cooling ranging from
3 to 7%. Active cooling systems that can be implemented in FPVs are simple and
inexpensive. In fact, very often large quantities of water are available on site at no
cost, there is no waste of water and the head required for the pumps is very small.
In the case of submerged systems, no additional components are required for
pumping or jets of water on the modules (electric pumps, sprinklers) and the
system is passive because it does not consume energy for cooling. Regarding this
specific topic, it will be explained in more detail in the next chapters as it has been
the object of study in this thesis.

Simple tracking. The floating structure allows the implementation of a simple and
cheap tracking mechanism. A large floating platform can easily rotate and can
perform a vertical or gable horizontal axis tracking: this can be done without
wasting energy and without the need for any complex mechanical apparatus, which
is needed in land-based PV plants.

Hybridization. An FPV system can be coupled to a hydroelectric power plant.
Since solar energy is anticorrelated to hydroelectric energy, water / energy storage
management strategies can be adopted that increase the overall CF of the
hybridized plant.

Synergy with fishing. Several projects have been presented which couple the FPV
to activities related to fish or shrimp farms, mainly in China and in the South East

of Asia.
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e Reduction of specific energy cost. This is a very important item, perhaps the crucial
one. The evolution of the FPV technology brought the costs of the FPV plants
below that of standard PV especially in the tropical regions where the land

management and the maintenance of land-based plants are very expensive.

FPV plants have the following disadvantages over ground mounted PV systems [27]:
e (Cannot withstand heavy waves, high tides, cyclones, and tsunami;

e They are subjected to fluctuating wind loads and vibrations hence cracking and

orientation change of PV modules are possible;

e Salinity of water body can deteriorate panel component and reduce its

performance;

e Transmission of sunlight into a water body is prevented and hence it may affect

the aquatic ecosystem;

e C(leaning of FPV panels might be more difficult hence automatic novel cleaning

mechanism needs to be designed;

e Detailed environmental impacts of FPVs are not fully known up to now.

2.2.2 Cooling

The implementation of water cooling systems is very simple and cost effective in FPV
plants, as discussed above, as there is a large availability of water in the vicinity of the
plant. In particular, passive cooling in FPV systems occurs naturally thanks to the

favourable microclimate conditions that are created near the plant [34].

In a PV panel, some of the absorbed radiation is converted into electricity, while a part
of it is converted into heat, which represents one of the reasons why PV modules have
low efficiency. Specifically, the efficiency of converting solar energy to electrical
energy decreases with the increase in operating PV temperature. On average, the losses

of power of PV panel ranges from 0.25%/°C to 0.5%/°C [35].

In literature, there is a considerable number of studies regarding the improvement of
the performance of PV modules through the use of cooling [36]. These works can be

classified into two sub-categories: active and passive cooling of PV panels.

The difference between active and passive cooling is that in active systems additional

energy is needed to supply the appliances used to reduce the effects of heating.
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A further classification can be made in relation to the fluid or material used for cooling,

that is: air, phase change material (PCM), water, metal, etc...

Active water cooling is a very advantageous technique in terms of energy gain as the
physical properties of water, in particular conductivity and thermal capacity, favour a
good heat exchange with the environment. Compared to air, this technique is more

efficient as water is able to transport more heat per unit of mass [37].

The main active water cooling solutions proposed by the research in recent years can

be categorized into two macro types:

e direct water cooling, which consists in making the water flow or spray through the

nozzles, on the surface of the modules, front, rear or on both surfaces;

e indirect water cooling, which consists in circulating the water inside heat

exchangers, placed in contact with the surface of the module (often the rear one).

A work that study active water cooling is conducted by Nizetic in [38]. The
experimental system made it possible to spray the water on the upper and rear surfaces
of the modules separately or simultaneously on both surfaces. Results show that it is
possible to achieve a maximum total increase of 16.3% (net 7.7%) of the electrical
power produced and a total increase of 14.1% (5.9% net) of the electrical efficiency of

the panels, in circumstances of peak solar irradiation.

This technique can be easily implemented in FPV systems as low head pumps are

required and there is a large availability of water near the system at no cost.

Also submersion techniques of the modules in water have been used [39] [40]. Among
these proposals, there is also the FPV approach, implemented with submerged modules
of the rigid or flexible type in such a way to adapt to the waves in adverse weather
conditions, for example off-shore [41]. An interesting study is conducted in [42], in
which authors conducted experiments on silicon PV panels immersed in fresh water.
A reference PV panel exposed to air was used to compare the results. The depth of the
water ranged from 4 cm to 40 cm and the specific results in relation to the relative
efficiency of the PV panel are presented. According to the reported results, the
reference PV panels had average operating temperatures between 70°C and 80°C,

while the submerged PV panels had average temperatures around 30 °C. This implied
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an increase in efficiency from 13% to 15.5%, with a maximum increase in efficiency

of around 20%.

Using the water directly sprayed on the modules as a medium, it is possible to create

passive cooling systems which therefore do not require electricity.

In paper [43] a passive cooling method is proposed, it uses rainwater as a cooling
medium and a gas expansion device to distribute rainwater. The results of the study
show that in one day, the passive cooling system reduces the temperature of the cells

and increases the electrical efficiency of the PV panel by 8.3%.

Indirect passive methods often exploit the phenomenon of evaporation or high
humidity near the rear of the modules. They are often integrated with other passive
cooling systems that use conductive materials such as metal heat sinks. Some studies
propose small systems that take advantage of the phenomenon of transpiration of
plants and will be explored below.

Some systems based on the effect of evaporation are hybridized [44]. They exploited
the effect of evaporation, combined with the use of condensed water from the chiller.

Figure 13 shows the system studied in [44].
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Figure 13 Evaporative PV Solar Chimney and Air conditioning system scheme [44]

A passive water cooling system based on the evaporation phenomenon is proposed by
Drabionik in [45] [46]. This method combines the operating principle of ventilation
cooling known from rear panel PV cooling and evaporation cooling with a bionic
concept. This study takes advantage of the bionic concept that occurs in nature, in the
trees. The experiments showed an efficiency increase of up to 4.8% corresponding to
a low solar radiation of 575 W, while the model showed a 10% increase in efficiency

for real roofing systems with incident solar radiation of 1000W.
Figure 14 shows the cooling method implemented in [46].

The methodology used in this study will be recalled in the following chapters in
particular when studying the effects of cooling due to the evaporation of the water of

the basin where the FPVs are installed.
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Figure 14 PV roof system with evaporative cooling [46]

Other passive cooling approach of the modules was addressed in[47], he performed
CFD simulations of an FPV system with a closed loop radiator system. This study does
not exploit the evaporative phenomenon but uses a passive heat exchanger that exploits

the phenomenon of natural convection.

Alami [48][49], studied the physical properties, in particular, the porosity of the clay.
The results showed that by applying the clay layer on the back of the module,
approximately 90% of the cooling is due to evaporation especially when natural

convection conditions prevail.

Studies conducted on the increase in performance due to the natural cooling of floating
photovoltaic modules have been conducted by several authors. The increase in energy
was due to the cooling caused by the evaporation of the water basin and the favourable

microclimate around the modules.

Choi in [50] compared the energy yield of two systems installed on a water surface

with one installed on the ground. He saw that thanks to the favourable microclimate
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conditions, the energy yield of the modules in the water was 10% higher than those on
the ground. Liu [51] through a finite element method has calculated the temperature
of the modules assuming an ambient temperature near the water surface 5° lower than
that on the ground. He found a difference in cell temperatures between those in the
water and those on the ground, equal to 3.5° and an increase in efficiency of around
1.58-2%. Kamuyu [52] monitored a photovoltaic system installed on a water surface
and pulled out a temperature model of the photovoltaic modules taking into account
the environmental variables (including the water temperature) he showed that the
energy yield of a system in water can increase by 14.69% compared to that on the

ground thanks to favourable operating conditions.

In the studies previously analyzed, it has been seen that to obtain evaporative cooling,
it is necessary to create the conditions, also using in some cases additional components
such as wool, clay or other materials. In the case of systems installed on water surfaces
(FPV), evaporation takes place naturally and without the aid of additional components,

therefore these latter solutions lend themselves well to this cooling technique.

2.2.3 Tracking systems

The use of ground or floating tracking systems have the purpose of increasing the
energy collected by the photovoltaic plants and are made with a mechanism that allows

to maximize the radiation incident on the collectors.

A recent work declares that single-axis and dual-axis ground photovoltaic tracking
plants, with appropriate control systems, can increase the electrical energy from 22—
56%, compared to fixed PV. This window of variability in energy yield depends on

the location, technology and season [53].

Two-axis systems can be implemented, ie with azimuth and tilt movements, in order

to obtain maximum performance.
One-axis systems can be subdivided in the following categories:

e vertical if the system performs an azimuthal movement, with axis perpendicular to

the ground/water surface;

e horizontal if the axis is parallel to the ground/water. The axis orientation can be N-

S or E-W;

40



e tilted. The rotation axis is tilted by an angle such as to maximize the energy
collected in relation to the latitude and the tracking mechanism performs an E-W

rotation.

Tracking systems anchored to the ground have been studied and perfected for several
years now; today the technology is quite mature and reliable. As regards the tracking
for floating systems, it is necessary to take into account not only the lack of a fixed
anchor but also the disturbances due to buoyancy, therefore to the presence of waves
and wind.

To overcome this problem, it is necessary to find alternative technical solutions to

those for ground systems, from the structural point of view and tracking algorithms.

In this regard, it is necessary to make a distinction between the different solutions

proposed in literature[54]:

e Trackers inside a confinement facility whose floating platform is surrounded by an
anchored structure (circle or polygon) and an appropriate electric motor makes the

platform rotate with respect to the fixed structure;
e Tracking with a partial confining structure that are called external rope

e Tracking without a confining structure: using submerged reference structures or

by bow thrusts;
e Tracking to a horizontal axis using the “gable” structure.

Cazzaniga in [29] suggests systems reminiscent of the carousel mechanism, in which
there is a fixed part anchored to ballasts placed on the bottom, inside which rotates a
mobile platform on which the photovoltaic modules are installed. The system

described is shown in Figure 15.
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Figure 15 Tracking system with confinement, for a platform of 50 kWp

Sunfloat in [55] proposed the rope system with a partial confinement whose azimutal
movement is guaranteed by the winches placed around the structure. Figure 16 shows

the described system.

Figure 16 Rope system which allows 2 or 1 axis tracking

A tracker without the confinement structure that can also be installed in deep basins

and connected to the ground via three chains forming an equilateral triangle has been
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proposed in [56]. This system allows to reduce construction costs and is more
functional than other solutions proposed in the past. The movement is guaranteed by

the bow thrusters generating the torque that creates the azimuth movement.

Rosa Clot and Tina in [54] propose a HAT (horizontal axis tracker) system that can
offer significant advantages especially for low latitudes. As for the medium and high
latitudes, one could think of tilting the photovoltaic modules a few degrees. Within the
tropical region, the gain in energy harvesting compared to a fixed installation with
optimal inclination varies between 21% and 32%. In the temperate region, these values
drop to 15% and 25% and the result is worse for high latitudes. The problem that
immediately emerges is the shading which for a ground-mounted system can be easily

solved by increasing the surface occupied.

In Figure 17 can be seen the proposed structure with the tracking system that acts on a
long row of modules (12 m) and the large space between the two rows necessary to
avoid shading. Using a “gable” structure, it is possible to create a tracking system with

inclination angles that are around 45°.

Some of the previously illustrated solutions have been realized in different parts of the

world.

K-water (Korea Water Resources Corporation) in Korea has installed the world's first
100 kW tracking floating photovoltaic system inside a confinement facility [57]. In it
there are four 24.8 kW systems, one of which is passive tracking, one automatic and
two fixed systems (

Figure 18).

Scienza Industria Technologia (SCINTEC) has designed and built a TFPV at the
Cantina Petra in Italy. Furthermore, in 2011, SCINTEC also installed another floating
tracking photovoltaic system on Lake Colignola. The feature of this system is the use
of mirrors to reflect the solar irradiance on the photovoltaic panels [58].

In this regards, Tina in [59], suggests installing flat reflectors to constitute the so-called
FTCC, which manage to increase the annual energy collected by 60-70% compared to

fixed systems.
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Figure 18 K-water tracking installation

In the academic field, several studies have been conducted on TFPV, but many topics
are completely unexplored and a considerable effort is required to fill these gaps.

Below is an overview of the works developed to date.
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In [58] an algorithm for tracking on FPV systems is proposed, which compensates the
azimuth angle error due to the continuous movement of the floating structure for wind

and waves, using a GPS receiver and a geomagnetic sensor.

In [29], sensor-based controls are suggested that take two different approaches: one
uses shading patterns to find the solar position and optimal orientation, and the other
is based on images captured by a wide-angle camera pointing the sky and orient the
system, in the direction in which there is more light. With these systems, an accuracy

of 0.5 ° is guaranteed in the event of cloudy skies.

Choi [58], proposes the finite element study of the mechanical structure of a 100 kW
plant in which it evaluates the impact of the wind and uses different materials for the
simulations including, steel, aluminium, polyethylene (PE) and reinforced polymeric
plastic with fibers (FRP). For floats that are subject to corrosion, glass fiber reinforced
plastic (GFRP) and polyethylene (PE) have been proposed; In the study he also
includes the control algorithm of the confined tracker in which there are a passive and

an active system.

In [60] a dual axis tracking system with management software in an Arduino

environment is proposed. For handling, stepper motors are used.

However, the systems listed above absorb energy for the movement of the tracking
mechanisms through actuators. Furthermore, being placed in environments with high
humidity, in the long term they could deteriorate more quickly than the components
installed on the ground, this would cause a greater frequency of maintenance and

therefore higher costs.

The TFPV system proposed in [61], is of the passive type, that is, it uses wave energy
to automatically adjust the position of the system, without the aid of mechanical drive
components such as motors, which as previously anticipated could cause increase
maintenance costs during the useful life cycle of the plant. Although floating-tracking
PV systems have higher specific investment costs, the higher electricity production
compared to fixed floating PV system make them competitive from a levelized cost of

electricity point of view [62].

Figure 19 presents a classification of the tracking photovoltaic systems in which FPVs

are classified.
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Figure 19 Classification of tracking FPV

2.2.4 Hybridization of FPV

The hybridization is the possibility of integrating the FPV system into the basin of a
hydroelectric power plant. A scheme is reported in Figure 20.

, Internal Interconnection Cables
Floating Solar PV System

Hybrid System Substation

Transmission System

Hydropower Dam

Figure 20 Schematic of a hybrid FPV-hydropower system

Thanks to the advantages deriving from the integration of these two systems, various

benefits can be obtained, such as:

e FPV systems compared to GPVs installed in the vicinity of a hydroelectric power
plant, are certainly more advantageous in terms of construction as they do not

interfere with any surfaces of soil intended for agricultural use or for breeding. The
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ground could have an uneven surface and the installation would be more complex

while the irreversible uninstallation;

e allows the use of the existing transmission infrastructure, such as transformers and
connection to the electricity grid, obtaining cost savings related to the additional

infrastructure;

e it is possible to avoid power variations in FPV due to the intermittent solar

radiation profile;

e FPV output can compensate power reduction from hydropower plants especially

during droughts;

e power output from FPV prevents the consumption of water from hydropower

plants which can be otherwise used during peak load conditions.

Hybridization, as suggested in several studies, increases the overall CF of the system
[63].

In [64] it is stated that covering the 2.4% of the water basin by FPV increases the
energy production of 35.9%, raising the CF value from 3343 to 4450 hours. This result
can be extended to other situations and to smaller HPP basins where the CF factor is
lower, i.e., around 2000 hours. In this case, the benefits are more important and the

increase in energy production can reach 50%.

A study conducted in [65] states that, using a coverage rate of the basin of a
hydroelectric power plant of 25%, the FPV system is able to provide 6270 TWh
compared to 2510 TWh of hydroelectric power. Moreover, there is an availability of
water in more than 6.3% thanks to the lack of evaporation of the basin due to the partial
coverage. Assuming an HPP efficiency of 90%, pumping this with 6.3% of water can

potentially increase the energy collected by 142.5 TWh.
The global FPV installation due to hybridization FPV-HPP can range from 3.0 TW to

7.6 TW depending on the proposed scenario. This is equivalent to an energy

production of 4,251 TWh to 10,616 TWh per year [66].

In a Brazilian scenario, thanks to the synergy between FPV-HPP systems, the energy
gain by the hybrid system is 76%, while the capacity factor increases by an average of

17.3% [67].
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In [68] a study on the evaluation of energy potential on 22 HPPs was carried out. The
HPPs surveyed have significant water storage reservoirs and approximately 28% of
total hydropower capacity installed in Brazil 31.5 of 114 MW. Adding 34 GW of
floating PV systems on their reservoirs it is possible to have an additional CF of 20%
to this installed hydro capacity per year, equivalent to almost 10% of the Brazilian

electricity demand in 2018.

2.2.5 Environmental impact
Any newly developed technology can be implemented only if it has a low negative

impact on the environment and also it is economical for large scale deployments. In
this section, the environmental impacts of FPVs ranging from its commissioning to

decommissioning are presented and discussed based on the available literature.

In general, the Els (Environmental Impact) of both ground-mounted and FPV systems
are not nil, as the manufacturing processes of PV modules, inverters, and all the
composed components require huge amounts of energy and release harmful substances
in the environment [69]. However, during the operating phase, a FPV system shows
positive impacts such as being completely silent, allowing for a reduction in the growth
of algae in the presence of eutrophication, producing clean electrical energy with no
CO2 emission, saving water resources by preventing evaporation, less water
requirement for cleaning PV modules [29], saving valuable lands for agriculture,
mining, tourism, and other activities due to installing PV panels over water bodies,
reducing bird collision with panels compared to the ground-mounted systems [70], and
improving the quality of the water of reservoirs [71]. Pimentel Da Silva et al. [72]
proposed a multi-criteria modeling approach to assess the extent and importance of the
environmental and socio-economic impacts of ground-mounted and floating large-
scale PV (LSPV) systems. Liu et al. [73] provided an assessment of both the
environmental impacts and synergies between economic benefits and environmental
impacts without considering CO2 emissions. The model consisted of the cross-
spectrum analysis to evaluate the coherent fluctuation between economic and
environmental benefits. An empirical study was conducted by Hass et al. [74] on a
demonstration project for the integration of a fishing farm and 10 MW photovoltaics
in the Chinese province of Jiangsu. The model was capable of providing the optimal

sizing in terms of the interaction between the FPV system and the environment of a
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hydroelectric power station. They concluded that the FPV should ideally be sized
between 40 and 60% of the lake surface.

2.2.5.1 Els of plant design and allocation

In the sitting phase, it is necessary to look for potential sites whose impacts on flora,
fauna, air, and water are as low as possible, because, in both construction and operating
phases, local ecosystems could be altered [75]. Therefore, basins in unprotected areas
without particular plants, protected animal species, and environmental restrictions are
recommended [76]. The visual impact of ground-mounted PV systems can be high
which can be solved through careful design by considering PV panels as architectural
elements. As far as floating systems are concerned, bamboo buoyancy systems are
proposed in the literature (Figure 21) that minimize both the visual and polluting
impact since they are made of natural raw materials with a lifetime of more than 10

years in water [33].

Figure 21 PV modules installed on a floating base made of Bamboo

2.2.5.2 Els during plant construction

In the implementation phase, the Els that can occur are of different types and entities.
For example, access to the site is a potential impact that can cause deforestation. As
for floating systems, this impact could be limited since the allocation of the modules
takes place on the surface of the water. The transit of heavy vehicles or boats for the
construction and transportation of materials are potential causes of noise and air

pollution. Although these items all generated noise, it is at lower levels in comparison
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with industrial noise guidelines and occupational noise levels, and therefore it doesn’t
cause environmental, health, or safety impacts [77]. Also, the impact of noise is truly
negligible because the construction phase duration is much shorter than the life cycle
(20 years) of the plant. Moreover, both large ground-mounted PV plants and FPV
plants are often constructed far from settlements, so the impact of noise affects very
few people. Also, the leakage of polluting materials in the water (such as oil, fuel, etc.)
of the working machines (for example boats) can be harmful to the lake environment.
The positioning of ballasts for anchors on the bottom of the basins certainly causes
water mixing and therefore cloudiness which could cause loss of habitat of the fauna
in the water [70]. At this stage, noise pollution is also necessary to be considered as an
EI It is mainly linked to the movement of vehicles for the construction of the plant
and could harm the fauna in the surrounding environment. The time required for the
installation of FPV systems has not yet been fully defined since unlike ground
installations, site preparation is eliminated (suppressing vegetation and civil
infrastructure). Nonetheless, the FPVinstallation can be complex as some working
phases take place in water [70]. Usually, the construction phase for plants on the
ground that vary from 1 to 5 MW of capacity lasts up to 100 days, while for plants
greater than 25 MW, it lasts more than 210 days [78].

2.2.5.3 Els during plant operation

A phase that requires more attention, in the case of floating systems, is that of operation
since there are no exhaustive studies that quantify/qualify the real impact and causes
of the interaction between the surrounding environment and the system. This is also
due to the recent birth of this technology, and therefore the absence of long-term data.
Conventional ground-mounted PV systems require a quantity of water and other
chemicals to clean the modules. It is clear that chemicals are extremely toxic to the
environment and could impose many negative impacts on fauna and flora during a long
period [79]. The potential contamination of water through these substances can result
in the mortality of fishes and other aquatic species or the alteration of the water quality
because of the growth of algae and loss of oxygen in the water. In FPVs, it is necessary
to limit or even change cleaning methods, not using chemical materials that can
contaminate and pollute the reservoir. Additionally, floating systems require less water

for cleaning as the system is positioned away from the ground and the effects of dust
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carried by the wind are also eliminated [80]. Besides, unlike ground-mounted systems
(especially for those in desert environments), water is easily available and in the
immediate vicinity. Bird activities and specifically bird droppings may bring some
disadvantages, however, no influence has been reported from FPV on bird fauna [80].
In this phase, there could also be the risk of contaminating water with oils, lubricants,
fuels, paints, when mechanical devices for maintenance are moved, and with material
scraps due to corrosion [81]. During maintenance, it is important to also take into
account waste management which mainly consists of following the management plan
and guidelines for the replacement and disposal of batteries (if any), panels, and other
defective equipment [69]. Partial or total coverage of the water surface reduces algae
growth. This positive impact could be useful for lakes where eutrophication problems
occur. Eutrophication is the abnormal growth of algae (and other aquatic plants) and
is sometimes referred to as “green tide” which can also lead to the establishment of
highly anoxic conditions which is the main cause of fish death and foul-smelling
emissions [29].

However, it is not recommended to cover the entire surface [74], particularly in lakes
with living organisms, to ensure the penetration of sunlight and the production of
oxygen through photosynthetic organisms. Reducing oxygenation can even increase
GHG emissions from the tank [82]. Hence, installations on natural lakes could create
further consequences than artificial water surfaces. The environmental impact deriving
from the quality of the water can be resolved by installing systems for monitoring the
water state [83]. To mitigate the effect of reducing the penetration of solar radiation in
the basin, it is possible to adopt technologies of bifacial semi-transparent PV modules.
Some associated risks can also arise from the aquatic animals on the FPV systems.
Sometimes animals may vandalize structural components or cables. Barrier methods
must be employed during the operating and maintenance (O&M) stages to prevent
animal visits. Nonbarrier methods such as laser-beam equipment could also be a
practical technique in this way. It is also important to maintain such equipment per the
supplier’s recommendation. In some cases, it is essential to store anti-venom at the
O&M site office and identify the nearest medical center for emergency cases to
mitigate snakebite threats. It is important to maintain both the equipment and personnel

safety at all times [84]. The floating structures could also reduce the formation of
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waves by reducing the effect of wind on the free surface of the water. Other impacts
of FPVs on lakes and the aquatic environment may involve the electromagnetic field
produced by conductors installed on the bottom or surface of the lake [81]. Most of
the floating systems are made of HDPE which are in different shapes and types of
floats. In reality, direct contact with water (20% or more according to the proposed
technical solution) occurs mainly through HDPE pipes that support galvanized steel
structures or through rafts completely built-in HDPE. Galvanized iron (or aluminum)
is not in direct contact with water, but for various reasons, including rain or waves,
these structures and PV modules can be wetted with water and can release small

quantities of materials that can be dissolved in the water.

2.2.5.4 Els of plant decommissioning

The environmental impact deriving from the decommissioning phase essentially
consists in the change of the geomorphology of the lake bottom caused by the removal
of the ballast and the anchors of the plant; short-term change in water quality, due to
mixing for handling and therefore cloudiness; increase in noise caused by the traffic
of vehicles and machinery; recycling and management of waste deriving from the
uninstallation process [70]. However, it should be noted that, unlike ground-mounted
systems, floating systems, at least as regards the surface of the water, do not require
any remediation. This aspect is important because it reduces the impact due to the noise

of the vehicles, pollution, and changes in the geomorphology of the soil [27].

2.2.6 Economical aspects
Unlike the ground-mounted PV plants, floating systems are still in the first phase of

the learning curve. There are not enough installations to be able to make an accurate
analysis of installation, maintenance, and operating costs. The support, mooring,
anchoring, and floating systems are constantly changing, improving, and optimizing.
Therefore, the assessments could undergo drastic changes, positively, in the near future
when the technology of the entire system will be established as well as that of the

systems on the ground.

2.2.6.1 Capital expenditure (CAPEX)
To evaluate the implementation costs of a PV system, the actions are required to make

the system working.
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Below are the components of a FPV system along with some comments on costs [27]:

e Floats: they are generally made of HDPE or glass fiber reinforced plastic (GRP).
Concerning the type chosen, the cost can change considerably. These components

are not used in ground systems.

e Moorings: the installation of a mooring system can be expensive in deep water or
where the change in water level is relatively large. These components are not used

in ground systems.

e PV modules: they are the same as those used for ground systems, or with a higher
protection index (in this case they could be more expensive) to avoid the
penetration of water into them. Cables and connectors: for application in water,
special cables should be installed. Even if there is no electrical component under
the water, waterproof IP67 junction boxes are recommended which are more

expensive.

e Other electrical components, inverters and/or batteries: they are installed on the
ground or floating cabins; therefore, they work in normal conditions as in

conventional ground systems.

The construction of FPV systems entails different costs as some works are carried out
in the water with all their difficulties. In a study by Martins [85], it was reported that
labor cost for the ground-mounted system is equal to 40 US$/h, while for the FPVs it
is increased as 60 US$/h. These additional costs could be offset by the fact that the
system does not use the soil, which leads to overall lower costs. As mentioned above,
the water surface is immediately useable without the need for levelling works as in the
case of the ground. Besides, the soil resource plays an important role in terms of cost
and can be relevant where there is scarcity. In particular, solar radiation measurements,
bathymetry and lake bottoms, wind and wave surveys, grid connection studies,
possible ship traffic surveys, and environmental impact assessments (EIAs) are
considered essential on large lakes and are estimated in the range 20-70 keuro per
study [86]. In a study by Galdino and Marta Maria de Almeida Olivieri [82], the
installation cost for a 1.2 MWp plant was reported 30% higher than that of a ground-
mounted system due to the utilization of a premature technology which has not been

fully optimized yet for systems of this size. Teixeira et al. [87] conducted an economic
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feasibility study of a hybrid hydro-FPV system in which he declared a 30% increase
in costs for the FPV when compared with a ground-mounted system. An estimate made
in Ref. [88] states that floating systems with an installed capacity greater than 10 MWp
would have a cost similar to ground-mounted installations. The plants described in
Ref. [84] with 100 kWp and 500 kWp capacities had a cost of US$ 6.4/Wp and US$
4.35/Wp respectively. It was claimed that the cost reduction in the second case was
due to system optimization. Oliveira-Pinto and Stokkermans [32] indicated that
CAPEX for FPV systems is generally 25% higher than ground systems, mainly due to
floats, moorings, and anchors. In Ref.[84], it has been stated that the average total
investment cost of a FPV system in 2018 ranged between 0.8 US$/Wp and 1.2
USS$/Wp, depending on the size and location of the system. It was reported that the
CAPEX of large-scale FPV projects (around 50 MWp) is between 0.7 and 0.8 US$/Wp
in the third and fourth quarters of 2018, depending on the location and type of installed
modules. The CAPEX of a hypothetical 50 MWp FPV installation was calculated and
compared with a land-based system (both with fixed inclination) in the same position.
For PV modules a cost of US$ 0.25/Wp was considered, while for inverters, a cost of
0.06 US$/Wp for both the ground and floating system was obtained. For assembling
systems, a cost of US$ 0.15/Wp for the FPV and US$ 0.10/Wp for the ground system,
for the BOS (balance of system) US$ 0.13/Wp and US$ 0.08/Wp for the FPV and the
ground system respectively, US$ 0.14/Wp and US$ 0.13/Wp, respectively was
considered. These resulted in overall CAPEX of US$ 0.73/Wp for the FPV and US$
0.62/ Wp for the ground system [84]. Rosa Clot and Tina [89] made a list of the costs
for building a FPV plant for various proposed technological solutions. They assumed
that the cost relating to the PV modules is 0.25 US$/W, the electrical components
including cables and inverters is 0.12 US$/W, the galvanized steel is 2.20 US$/kg, and
finally, the cost of the HDPE is 2.40 US$/kg. Starting from this hypothesis, they
proposed three types of 1 MW plant that cost respectively: US$ 803,692 the Singapore
Solution, US$ 590,556 the Gable “Slender” Solution, and US$ 630,106 Gable2

Solution and compared them with a ground.

2.2.6.2 Operating expense (OPEX)
The costs related to the operational phase are for leasing or renting the space in which

the system will be installed, operation and maintenance, and insurance. In the case of
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FPV systems, the rent could be less expensive or not present as the water surface
cannot be used for other purposes (i.e. agriculture or construction). The O&M costs of
a PV system generally consist of the replacement of faulty and malfunctioning devices
or objects (inverters, PV modules, electrical and electronic components), and cleaning
of PV modules [84]. Generally, for ground-mounted systems, especially in desert areas
where there is a presence of dust, the latter component is important and expensive.
Besides, the soil may need to be periodically cleaned, as the presence of spontaneous
vegetation (shrubs, brushwood, dry material) could reduce the performance of the
plants and cause fires in the summer season. Therefore, the conditions in which the
FPV systems are operating, in this sense, could be advantageous as there is the
availability of large quantities of water near the plant and the absence of growth of
wild plant species near the modules. Maintenance costs could be different between the
conventional and floating systems since in the latter: Moorings, submarine cables, or
floating platforms require different knowledge, tools, and processing times. It may be
necessary to act on the moorings in case of a change in the level of the lake beyond
the limit concerning the permitted one (a practical example is the maintenance of the
floating system installed in the laboratories of the Enel Innovation Lab in Catania (IT)
consists of adjusting the length of the moorings in conditions where the level of the
basin has fallen beyond the minimum level). There may be a cleaning and cooling
system that requires maintenance and cleaning of the filters of the water suction pumps
due to the excessive turbidity of the water. Modules may need to be cleaned more
frequently due to bird droppings. Checking for any malfunctions or wear of cables
submerged in water, specialized personnel, divers, or robots capable of carrying out
inspections under the water may be required. Maintenance takes place mainly on the
water with vehicles such as boats, which could be among the items of expenditure in
the OPEX phase if not already present on site. As for insurance, it depends on many
factors but also on the location and weather variables. According to Ref. [84], the
annual cost of insurance can vary from 0.25% to 0.5% of CAPEX. Maintenance and
operating costs for a conventional utility-scale ground system, declared by NREL in
2018 for the US, was 0.0154 US$/Wp/year. However, 0.009 US$/Wp/year was
reported in Lazard and 2.5% of the CAPEX was reported by Fraunhofer. A study on
the costs of ground-mounted PV systems, projected up to 2050, stated that OPEX in
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Germany in 2019 was 9.2 $/kWp/y [90]. It has also been shown that OPEX will
decrease by about 30% and 50% until 2030 and 2050 respectively. In Ref. [91], it has
been stated that the plausible values for the OPEX costs for floating installation on
dams are two-fold of the OPEX costs on the ground. For FPV systems, most of the
maintenance is allocated to inverters which imposed costs ranging from 6.15 to 9.50
USS$/kWp. In a study by Martin [85], it was stated that the OPEX costs in the economic
evaluation phase for the comparison between the ground-mounted and floating
systems are 0.013 US$/ Wp/year and 0.026 US$/Wp/year respectively. This is because
the working conditions in the FPV could be more complex than the ground system.
Rosa-Clot and Tina [92] stated that the maintenance costs are constant throughout the
life cycle and limited for the floating system (with some increases if a localization
system is implemented) and on average are higher for a ground system. Regarding the
decommissioning, they declared that it is much cheaper for FPV systems since there

1s no fixed structure, except for the mooring blocks which can be easily moved.

As regards the evaluation of the OPEX, the revenues relating to the water saved due
to the reduction in evaporation can be be taken into account. Regarding this question,

there will be a dedicated section in which this topic will be deepened and analyzed.

2.2.6.3 Levelized cost of electricity (LCOE)

Numerous researches have been carried out to evaluate the LCOE of a PV system.
Several scenarios were often considered, in which the variables involved were
parameterized to evaluate their possible variations in the final result. Usually,
sensitivity studies are carried out considering the following variables: solar radiation,
climatic zone (arid/desert, tropical, temperate), PR (performance ratio), CAPEX, years
of operation, system degradation rate, yearly insurance, O&M, and financial leverage.
In a study conducted by Barbuscia [86], the following LCOE values for ground-
mounted systems were reported: 48 US$/MWh in Peru in early 2016; 36 US$/MWh
in Mexico; and 29.9 US$/MWh in Dubai. It was concluded that the costs depend on
the installation site where the world average cost amounts are about 67 US$/MWh. A
recent study by Vartiainen et al. [86] conducted an assessment of the LCOE for
ground-mounted systems according to the WACCS indicated the development from
2019 to 2050 for six European locations. They studied LCOE with a nominal WACC
of 2%, 4%, 7%, and 10%. LCOE with 7% nominal WACC in 2019 ranged from 24
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€/MWh in Malaga to 42 €/MWh in Helsinki. In 2030, this range would be 14€ 24
€/MWh and 9€ 15 €/ MWh in 2050. It should be noted that the increase in the nominal
WACC from 2% to 10% doubles the LCOE. In [93], an LCOE calculation was made
considering three geographical areas with three WACC and two PR scenarios (+5%
and +10% concerning the evaluation of the natural evaporative cooling of the modules
in the water). In a recent study by Oliveira-Pinto and Stokkermans [32], the LCOE
concerning the type of used floats, and the location of installation were evaluated. The
calculated LCOE was ranged from 50.3 $/MWh for Almeria to 96.2 $/MWh for
Barrow Gurney for the floating system and compared with the reference values of the
ground-mounted system. The LCOE was reported as 33.1 $/MWh and 59.3 $/MWh
for the two mentioned locations. Barbuscia [86] presented a sensitivity analysis of the
LCOE as a function of the size of the system and type of the float. The role played by
the capacity of the system on the cost of the energy was highlighted, which indicated
an almost exponential decreasing trend as the installed power increases, reaching
values similar to those of conventional technologies for utility-scale systems. It started
from values of about 80 cUSD/kWh for the power of 52 kW up to 12 cUSD/kWh for
capacities greater than 2 MW. Sensitivity analysis was also conducted on the choice
of mounting structures, among the modular and rigid ones, and it showed a 20%
variation in the LCOE for a 5 MW plant. In another study carried out by Rosa-Clot
and Tina [89], the LCOE was calculated concerning the location. LCOE for Dubai
with different plant configurations were obtained as 36.3 US$/MWh for Fix 20°
ground-based unit, 31.8 US$/MWh for Fix 10°+ cooling, 26.5 US$/MWh for Gable
10°+ cooling, 26.9 US$/ MWh for vertical axis tracking tilt 20. Temiz and Javani [94]
obtained an LCOE value of 0.6124 US$/kW for a FPV system which produces both
electricity and hydrogen. The FPV systems have good prospects for further growth
and development which can be seen from the continuous research, development, and
deployments listed out in various abovementioned literature. In many cases, the
analysis affirms that FPVs are more expensive than conventional ground-mounted

systems.

The economic evaluation and therefore the calculation of the LCOE of an FPV system
will be developed in the next chapters as they are the crucial topic of this research

work.
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3 Experimental plants at Enel Inn. Lab—Passo
Martino

3.1 Introduction

The experimental monitored plants (Figure 22), intend to explore innovative PV
floating components, systems, and plant configurations, to define and validate possible

advantageous solutions to be adopted in industrial utility scale plants of EGP.

These plants were monitored during the research period also to validate the models

implemented and described in the following chapters. From now on, when we talk

about the experimental plant, we refer to the system described below.

Figure 22 Plants monitored by Enel Green Power at the Enel Innovation Hub and Lab in Catania IT)

Each plant has a different configuration and moreover, is equipped with both
monofacial and bifacial modules. One of the FPV plants is also equipped with a

hydraulic plant for the active water cooling of the modules.

The plants installed in EGP reservoir were built in July 2019 and June 2020.
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3.2 Systems description

The test bench is equipped with various instruments and sensors follow described.
Three different FPV plant solutions have been installed:

e Figure 23a (Modules in landscape position)

e Figure 23b (Modules in landscape position)

e Figure 23¢c (Modules in portrait position)

Each plant is composed by two subfields, one equipped with monofacial modules and

the other one with bifacial.

Totally, seven photovoltaic systems were monitored (see Figure 23 and Figure 24), of
which six were installed on the water and one used as a reference, installed on the
ground. All the plants examined are south facing, so, the azimuthal orientation of the

all PV modules is fixed at 180°.
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Figure 23. A 6 different solution installed in the lake of EGP
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The characteristics of G/FPV systems analysed are shown in Table 3.

Table 3 Characteristics of the plants

Figure 24 Ground mounted PV plant (GPV)

Typology Ground Floating
Plant Figure 24 Figure 23a Figure 23b Figure 23¢
Technology mono mono bifi mono bifi mono | bifi
™ [°] 35 20 20 20 20 20 20
dr [m] - 1.58 1.58 2.93 2.93 536 | 5,36
hy [m] 1 0.4 0.4 0.4 0.4 0.5 0.5
Pm[W] 315 320 345 380 380 380 380
Pt [W] 2205 3840 4140 4560 4560 4560 | 4560
N 7 12 12 12 12 12 12
Nrow 1 4 4 2 2 2 2
Nt 1 2 2 1 1 1 1
Config. landsc. landsc. landsc. landsc. landsc. portr. | portr.

For clarity, the geometrical variables reported in Table 3 are shown in Figure 25.
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Figure 25 Relevant geometrical variables of the PV systems

The significant environmental variables for the operation of a photovoltaic system
were monitored (Gsr, Gbk, Ta, Tw, uio, RH, Taw) and acquired in part by the local
weather station (see Figure 26) and in part by datalogger, whose function is to monitor

the quantities in the vicinity of the plants.

2

Figure 26 Weather station (dot line) and FPV system position (continuous line)

The back-module temperatures (Tvk) of each technology were monitored, in order to

evaluate their thermal behavior near the water surface or on the ground and also the
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electrical quantities (Iac/bc, Vacipe, Pacipe) of each system, through measurements

carried out by sensors placed on the inverter.

3.2.1 Cooling system

To study the behaviour in the presence of active cooling, a cooling system with electric

pump and sprinkler described below was installed in the FPV of Figure 23a.

A 500 W electric pump was used for pumping the water. The pump flow rate ranges
from 20 to 70 I/min and its head ranges from 40.3 to 15.9 m, it is single-phase with a
nominal voltage of 230V. Figure 27 shows the components of the system in detail,

Figure 27a pump, Figure 27b the filters and valve, Figure 27¢ the sprinkler.

Figure 27 Components of cooling system

For each module, 4 sprinklers are installed, one for each corner (upper-lower right and
left), for a total of 48 per plant. Two filters, one for monofacial and one for bifacial
modules, were installed upstream of the pump inlet, to clean the water taken from the
lake. Furthermore, valves for closing the circuits of the two systems have been inserted

to stop the circulation of water.

Figure 28 shows the mono and bifacial modules during the active cooling phase.
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Figure 28 Floating mono-bifacial cooled modules

Figure 29 represents the scheme of the system.

@ ® sprinkler @ ® sprinkler

Monofacial
mod.

Bifacial mod.

Valve/filter Valve/filter

Pump
Figure 29 Scheme of cooling system
3.2.2 Measuring instruments
The test bench is equipped with various instruments and sensors, the characteristics of

electrical sensors are described in Table 4.
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Table 4 Characteristics of electrical sensors

Sensor Accuracy class Thermal drift Response time
100 ms (without filter)
. 0
Current AC/DC: 0,2% fs. <150 ppm/K 600 ms (with filter)
o/ 1 . o
Voltage 0,5% input; 0,1% +100 ppm/K 1 s from 10 to 90%
outputs

The characteristics of the other sensors are shown in the Table 5.

Table 5 Characteristics of the measuring instruments

Solarimeter
Accuracy 95% Non linearity
Class confidence level Spec(gj‘;)ﬁeld (1000 W/m?) Stability (%)
(%) (%)
secondary standard +2 285 + 3000 <+0.2 <+ 0.5
Air temperature sensors
. Measuring Accuracy (°C A
Principle Type range (°C) at 0°C) Resolution(°C)
Pt100 RTD 4 wires -50+70 +0.10 0.01
Modules temperature sensors
Pt100 | RTD4wires | -50+180 | +0.10 | 0.01
Wind speed sensors
. Measuring Accuracy .
Principle Type range (m/s) (m/s) Resolution(m/s)
Optoelectronic disc standard 0+175 +0.25 0.06
anemometer

Figure 30 shows an overview diagram of the test bench.

Through an acquisition system, which can also be managed remotely through access
from the web platform, all the data is brought together on a PC and stored in the form

of a csv file. It is possible to download the data in processed and unprocessed mode.
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Design of the experimental test

bench \
[

- Voltage

- Current - Voltage

- Power . . - Current

- Insulation resistence - Relative humidity - Power

- Solar irradiance on - Ambient temperature - Solar irradiance on the tilted
the tilted plane - So_la.l‘ irradiance plane

- Water temperature - Wind spe.ed - Modules temperature

- Modules temperature - Evaporation

¥
\ Thermal and electrical performance /

analysis

Figure 30 Overview of the proposed test bench

3.2.3 Consideration on installation
The system of Figure 23a is made with galvanized metal carpentry resting on HDPE

pipes, for water pipes about 6 meters long (Figure 31). The assembly of the entire
system took place partly on land and partly in water. In particular, all the carpentry
was mounted on the ground, and with the aid of a mechanical crane was placed in the
water. Subsequently the modules were installed with the help of a boat as well as the
connection of the moorings. The ballasts, made with prefabricated concrete blocks,

were also placed with the help of a crane.
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Figure 31 (a) solution (bifacial-monofacial)

The system of Figure 23b-c is modular, made with HDPE floats assembled together
with additional plastic components (Figure 32). The support structure is made of
aluminium and is very light. The launch took place without the aid of any mechanical
crane, simply by sliding the various floats on the dock ramp. The modules were
installed on the rafts on the ground before they were launched and a floating platform
called “Caronte”, also made with the modular floats of the FPV system, allowed to
move inside the basin, to position the ballast and anchor the plant. Caronte remained
at the service of the plant and is used for maintenance. According to what was seen
during the construction works, all systems are practical and allow flexibility and
modularity therefore installation times are fast. To increase the solar radiation reflected
on the rear side of the bifacial modules, we are considering inserting reflective surfaces

anchored to the aluminium structures that will allow to increase the energy yield.
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Figure 32 (b)-(c) solution (bifacial-monofacial)

Another possible solution that is being evaluated is the light-coloured floating hollow
spheres placed on the water surface and in correspondence with the bifacial modules
inside the confined structure. This solution seems interesting because unlike
corrugated sheets it is easier to install and does not completely cover the water surface,
therefore it shouldn’t reduce much the cooling effect and allows a portion of solar

radiation to penetrate and keep the water surface unchanged lake environment.

For the auxiliary components, which are necessary both for operation (mooring,
anchoring etc...) and for increasing performance (cooling systems) it is necessary a

constant monitoring.

Malfunctioning of these components cause energy losses that result in lower economic

revenucs.

Regarding the cooling systems, it is necessary not only to monitor the PV plant, but
also its components such as pumps, sprinklers, filters. These components should be

equipped with sensors capable of providing information about their operating status.
In FPV systems, where active cooling systems are used and water is drawn from the
basin, filter monitoring and frequent cleaning are essential for the optimal functioning
of the cooling system.

Other components that need to be monitored in FPV systems are the moorings and

anchors, which are continuously subjected to mechanical stress. A failure in the
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anchoring and mooring system can lead to energy losses as the system could move
from the initial position, identified during installation phase in order to optimize the
performance of the system. O&M operators suggest installing strain gauges in order
to detect the movement of the system's moorings. This can allow to predict

malfunctioning and faults of the system.

Moreover, it may be necessary to monitor also the water temperature, the water level

of the basin, the relative humidity and the possible presence of waves.

First of all, water temperature monitoring is necessary for estimate the temperature of

the photovoltaic modules and environmental conditions.

Moreover, knowing the water level of the basin allows to estimate the reduction of
evaporation caused by the partial coverage of the water surface; but also to act on the
moorings, modifying their length, in case of too high or low level of the basin which

would lead to the destruction of the system.

As for the data acquisition systems, the cables passage in the water could be expensive,
therefore, to minimize the installation costs of the monitoring system, a solution
suggested in the FPV systems monitored at the 'Enel Innovation Hub and Lab' in
Catania (IT) is to install components in water and use the RS-485 data transmission.
In this way it is possible to avoid voltage drops, sensor signal losses and large
quantities of cables, moreover costs of installation are reduced and it is possible to
obtain a much more versatile, flexible and modifiable system. However, it must be

taken into account that sensors must be more robust and withstand high humidity rates.

In addition, in FPV systems it is necessary to use suitable adhesives to avoid separation
of contact sensors, such as those used for measuring the PV module temperature. That

can be due to high humidity rates and/or mechanical stress.

During the monitoring of FPV it was noted that many animal species are attracted to

the plant (Figure 35).
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Figure 33 Animals and FPV systems in perfect symbiosis

This, on the one hand, is a positive aspect as it demonstrates the low environmental

impact, on the other hand it causes frequent fouling of the modules.

In this regard, by way of example, Figure 35 shows a common species of duck with its

young that is perfectly integrated and absolutely undisturbed by the FPV system.
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4 Evaporation rate models on a water basin
with FPV plants

4.1 Introduction

Water is an asset, so it is possible to attribute an economic value to it. In [95] the results
of the study show at macro-agricultural irrigation water price of 1.023 yuan/m® = 0.13
euro/m?. Reports from the Arpa [96] of Sicilian region report that the cost of water for

irrigation fluctuates between 0.14 euro/m? and 0.19 euro / m>.

If the FPV plant is installed on the water surface of the storage basin of an HPP plant,
the water accumulated by the lack of evaporation can be converted into electricity,

obtaining further economic revenues from the HPP plant.

Therefore, attributing to the saved water an economic value, it can be deduced that the
levelized cost of electricity of the FPV or FPV-HPP, considering also the revenue of

the water saved, will decrease from its original value.

As reported in the annual report of the manager of the Italian national energy markets
(GME) [96], the sale price of electricity can be fluctuating throughout the year
fluctuating in the various months of the year so to attribute a value have to collocate

in a situation of intermediate cost.

In this chapter, the methodology adopted for estimating the evaporation reduction in
the presence of partial coverage of the water surface through the use of FPV systems
in relationship to their features will be illustrated and the results obtained will be

presented.

This study will allow to develop models for estimating the performance of FPV

systems but also to make technical-economic evaluations of FPV systems.

4.2 Features of FPV

The study of evaporation in presence of floating photovoltaic systems in water requires
a preliminary analysis of the different typologies of FPV plants. In this paragraph is

take care of giving an overview of the various existing FPV technologies, in order to
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appropriately highlight the features that have direct interaction with the water

evaporation.

The solar radiation (direct and/or diffuse component) that hits the surface of the water

is the main variable that affects the water evaporation; therefore, it is crucial to define

how and how much the contribution of solar radiation varies in relation with the

typologies of installation. In [27] different installation solutions are referred which are

classified as follows:

floating systems with floats that cover the entire surface below the module
(Figure 34a). The system consists of modular floating platforms in polyethylene
that are anchored to the ground by elastomers. This allows greater flexibility in the
event that the variation of the water level is considerable and sudden. The
transmission of solar radiation below the platforms is almost zero as they are made

so as to completely cover the underlying surface.

floating systems with modules anchored to a tubular buoyancy system (Figure
34b). These systems allow good ventilation of the modules and cooling due to the
natural evaporation of the water of the basin. This kind of installation lets the
modules to operate at lower temperatures and therefore to increase their efficiency.
The transmission of solar radiation through the water surface is reduced, but it is
not completely stopped as the photovoltaic modules are suspended and the

buoyancy structure occupies only a part of the water surface.

canal top solar systems with structures anchored to the ground that are installed
as covers of surfaces or watercourses (Figure 34c). Such installations are mainly
implemented on waterways, rivers or canals. In addition to reducing the
evaporation of the surface on which they are installed, they allow optimal use of
the latter. The transmission of solar radiation depends on the geometric
configuration of the system, that is, the distance between the rows and inclination
of the modules and also the type of PV module. In fact, if the module is of the
glass-glass type with gaps between the cells such as the bifacial, there will be a
portion of the radiation that will pass through the module and reach the water

surface.
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o flexible floats, in direct contact with the water, the whole system is integrated into
overflow with the pond and with the thin film lamellar, which allows the
photovoltaic structure to deform with the wave motion of the water (Figure 34d).
Direct contact with water activates the cooling effect without the implementation
of pumping systems and self-cleaning. A further advantage is that of implementing
the submersion of the modules in the case of waves that cannot be tolerated by the

system, this is useful for offshore installations.

Figure 34 shows the different types of FPV installation.

=

Figure 34 Typologies of FPVs (a) the floats cover entirely the surface below the module, (b) modules
anchored to a buoyancy system, (c) canal top solar systems, (d) flexible floats.

4.3 Methodology

The mathematical models used for estimating the evaporation are subdivided into two

main groups:
e cvaporation models for free water surfaces (EVMiiec);
e evaporation models for water surfaces partially covered by FPVs (EVMrpv).

As regards the (EVMrree), 11 different mathematical models will be presented. Among
them, six are literature models (see Table 6), three are novel models specifically
designed by the DoE method, namely DoE models, and two are derived through the

linear regression theory, namely linear regression models (see Table 7) [97].
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Table 6 List of examined literature models (EV M)

Literature evaporation models for free water surfaces Input variables | n.
equation
Penman Monteith Eq.5
. 900u, (e, — €,)
e 0404A(Q N) + }/W
h A+y(1+ 0.34u,) Ry RH T, u,
Penman-Monteith modified Eq. 6
1 AW(Q* _ N) + 86400pa(‘;a(ew — ea)
E=- g
A A, +y R,RHT, u,
Valiantzas Eq.7

E =0051(1 - @)Re\/T, + 95 — 0.188(T, + 13) (== —
a
0.194) (1 — 0.00014(0.7Tymax + 0.3Tamin + 46)? /%) +

R RHT,
0.049 (Tymax + 16.3) (1 = 122 (0.62 + 0.531,) ot

Tamin Tamax U,

Rohwer Eq. 8

E =0.44(1 4 0.27u,0)(es — €,) Rs RH T, uy,

Mc Guinness and Bordne Eq. 9
Rs

E = (0.082T, — 0.19) (1500) 2.54 R, T,

Hargreaves Eq. 10

E = 0.408 % 0.0025(T, + 16.8)(Taymax—Tamin)**Ra

Ta Tamin Tamax

EVMepry are mainly based on EVMire.e that uses the water temperature as input data.
The main difference of these two categories consists in the introduction of the different
quantity of radiation that strikes the water surface, which is, in turn, a function of the

type of FPVs.

In this contest two main typologies of FPV are defined:
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e suspended systems subdivided into two sub-categories: floating systems with
modules anchored to tubular buoyancy systems (Figure 34b), canal top solar

systems (Figure 34c);

e floating systems subdivided into two sub-categories: floats that cover the entire

surface below the module (Figure 34a), flexible floats (Figure 34d).

4.3.1 EVMzsee based on the DoE and linear regression method

In this paragraph the proposed evaporation models will be presented, which can be
used in the case of free water surfaces. These models, unlike those existing in the

literature, are easily implemented and very performing.

The three proposed evaporative models EVMireeDok [97] were derived starting from a
vector containing the quantity of evaporated water for each day under examination,

calculated with Eq. 5.

Then, the Design of Experiments (DoE) method was applied for calculating for each
variable (e.g. solar radiation, humidity, wind velocity, and air temperature) the

unknown coefficients "a" that appear in Eq. 11.

n n n
=a +Za-x- +Za--x-2 + z a;ix;
y 0 ' | X4d4 . i ijtij Eq. 11
i=1 i=1

=1
j<i

Also to implement the linear regression models EVMfreelr., [97] a known evaporation

vector was used, calculated starting from Eq. 5 (Penman Monteith).

Then, the linear regression method (1. r.) was applied for calculating for each variable
(e.g. solar radiation, humidity, wind velocity, and air temperature) the unknown

coefficients "a" that appear in Eq. 12.

Yi = 0o+ a1x;; + o apxy, + g i=1,...,n Eq. 12
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Table 7 Polinomial equations for DoE and Linear regression proposed models

DoE Equation Input variable n. equation
E = ao + ale + azTa + a3RH + a4u10 + alzRSTa +
a;3RsRH -+ ay4Rsuyo + apsToRH + a4 Tpugo + R RHT. u Eq. 13
az4RH ujo+ ay1R? + ay, T2 + azsRH? + agau?y s a ™10
E = ao + alRS + azTa + a3u10 + alzRSTa + a13R5u10 + Eq 14
ar3Talso + a1 RE + ap, T + azsuf, Rs Tq uso )
E = ao + ale + azTa + alstTa + allez + azzTaz R T Eq. 15
s ta

Li ion E -

inear regression Equation Input variable n. equation
E = ao + alRS + azTa + a3RH + a4u10 RS RH Ta ulo Eq. 16
E =ay+a,R; +a,T, +a3T,, + a,RH + asu,, R, RH T, T, s Eq. 17

The EVMiiee linreg, expressed in Table 7, has the particularity include as input parameter

the water temperature 7.

4.3.2 EVMepy for covered water surfaces
This section describes the methodology followed for estimating the evaporation

reduction due covering of the water surface with floating photovoltaic systems. The 4

different typologies of installations illustrated in Figure 34 will be taken into account.

For each case, a target energy balance equation for the surface of the basin has to be
defined as function of the quantities acting in presence of FPV plant. In Figure 35, a

representation of the flows of the energy balance.

Longwawve Longwawve Shortwave
LW/, LW, SW,

1

Figure 35 Water surface energy balance
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The energy balance equation for free surface can be written as [97]:

Q" = SW; — SW, + LW, — LW, Eq. 18
SW; =Ry +R, Eq. 19
SW, = a(Rq + Rp) Eq. 20
SW, =SW; —SW, = (1 —a) * (Rg + Ry) Eq.21
LW, = LW, — LW, = o T4 (0.56 — 0.0092,/e,)(0.10 + 0.90 C) Eq. 22

Where C is the cloudiness function.

4.3.2.1 Suspended photovoltaic covers

Suspended systems (Figure 34b and c), are not completely in contact with the surface
of the water, so they shield the solar radiation but not the diffuse component of the
solar radiation, which can reach the water surface beneath the PV module. For the part
of the surface of the basin occupied by the suspended system it is assumed that the
contribution of the direct radiation is modest since the system faces south and the
distance between the rows is reduced. Therefore, only the contribution of diffuse

radiation has been taken into account. Consequently, Eq. 21 and Eq. 22 became the

following:
SWhscover = (1 — a)Ry Eq. 23
LWyscover = 0 Ty (0.56 — 0.0092,/e,)(0.10 + 0.90 = 0.3) Eq. 24

For this type of FPV, the net contribution of short-wave radiation (SW5) is only the
diffuse component, and the net contribution of the longwave radiation (LWhx) is
modified assuming C = 0.3, which correspond to full cloudy condition.

In this way, it is possible to calculate the evaporation rate in the portion of the water
basin covered, namely Escover With a suspended photovoltaic cover using one of the
EVM previously described.

Specifically, the term Q* is calculated through the Eq. 23 and Eq. 24, if the Penman
Monteith model (Eq. 5) is adopted for evaluating the evaporation rate, Eg.operpenman-
Similarly, Escover may be calculated using the linear regression model through the
following formula:

EScoverlin.reg. =ag+ 0.2a4R; + a,T, + azRH  + a,uyg Eq. 25
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For taking into account that in the cover part of the water surface only the diffuse
component of the solar radiation acts, the coefficient “a;”, which multiplies the solar

radiation, is in turn multiplied by a coefficient of 0.2.

The total evaporation rate of the water surface Erprs is given by the sum of the
evaporation on the free water surface and the evaporation on the covered water surface

and is calculated by:

Eppys = (1 — x)Efree + XEscover Eq. 26

Where, Efiec is the evaporation on the free water surface, while Escover is the evaporation
on the area covered by photovoltaic modules. The x value is the percentage of water

surface covered by the FPV.

4.3.2.2 Floating photovoltaic covers

The floating systems (Figure 34a and d), do not allow that solar radiation hits the water
surface where they are installed. Consequently, Eq. 21 and Eq. 22 became the
following:

e floats that cover entirely the surface below the module (Figure 34a),

SWhrcovera = 0 Eq. 27
LWy cover,a = 0 Tt (0.56 — 0.0092,/e,)0.10 Eq. 28

The net contribution of the shortwave radiation (SW.) is zero, while the net

contribution of the longwave radiation (LW,) is modified assuming C = 0.

e flexible floats (Figure 34d):

SWarcover,a = apv(Rd + Rp)(1 —1n,)0.4 Eq. 29
LWyrcover,a = 0 T (0.56 — 0.0092,/e,)0.10 Eq. 30

The net contribution of the shortwave radiation (SW») is not zero because a portion of
the solar radiation incident on the PV module is transferred to the water surface. This
portion is calculated considering that only the aliquot of solar radiation absorbed by
the solar cell through the coefficient of absorptivity ayv, subtracting the aliquot
transformed in electric power through the electrical efficiency #e. And finally
considering that only 40% of this reduced solar radiation is effectively transferred to

the water surface.
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In this way it is possible to calculate the net heat flux O* in the portion of the water
basin covered, namely Q*Feover, for both (a) and (d) systems through the subsequent

equation.

Q"= Q;ree(l —x) + Qrcover(X) Eq. 31

The above equation indicates that the net energy inlet comes both by the free surface

and the covered surface for reason before illustrated.

Finally, the total evaporation for a water surface, where a floating PV system is

installed, is calculated by:

EFPVF,a/d Penman — (1 - x)E’free Eq. 32

Where E ’fiee 1s the evaporation rate calculated with an EVM (e.g. Penman Monteith
model) with the term O* has to be calculated by Eq. 31.

Similarly, the evaporation rate, in the case of partially covered surfaces with floating

covers, may be calculated using the linear regression model through the following:

o floats that cover entirely the surface below the module (Figure 34a)
EFcover,a linreg. — Qo + (1 - x)ale +a,T, + azRH  + asuyg Eq. 33
o with flexible floats (Figure 34d)

EFcover,d linreg. — Qo + (1 - 0-95x)a1Rs +a,T, + asRH  + asuyg Eq. 34

The multiplicative coefficient 0.95 in Eq. 34 takes into account the solar radiation

transmitted through the photovoltaic modules to the water surface.

For the calculation of total evaporation in the case of the systems of Figure 34a and d

the formula used is the following:

EFPVF,a/d linreg. — Ercover linreg. (1-x) Eq. 35

Where Ercover iin.reg 1s calculated by Eq. 33 for (a) systems and Eq. 34 for (d) systems.
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4.3.3 Yield indexes and model comparison
The annual amount of water evaporated is calculated summing the daily evaporation

rate by the equation:

n
Eeum = Z E, Eq. 36
d=1

Thus, it is possible to evaluate the evaporation reduction caused by the partial coverage
of the water surface, calculating the difference of the annual evaporation between a
free water surface Ejfiee cum and a partially covered surface Erpy cum:

AEppy = Efree cum — Erpv cum Eq. 37
To quantify the effect of the FPV in reducing the evaporation, it has been defined the
efficiency of the evaporation decrement as:
7= AEppy

Efree cum

Two different methods for estimating evaporation reduction have been implemented,
which have been compared. The first has been implemented starting from the Penman-
Monteith equation, the second has been implemented using the linear regression

equations, in which some terms are modified.

As regarding the trustworthiness of the proposed EVMfee models, the comparison
between the measurements made with an evaporimeter and predictions of the models

has been evaluated as follows:

AEcum = Ecum measured Ecum models Eq. 39

Finally, the comparison between the two methods that can be used for estimating the
evaporation reduction (Penman-Monteith and linear regression), were implemented

using following formula:

EFPV Penman cum — EFPV linreg.cum "

EFPV cum =

100 Eq. 40

EFPV Penman cum

4.4 Test validation of EVM

A practical application has been conducted with the aim to evaluate the accuracy of
the results carried out by the proposed evaporation models. With this aim,

experimental observations on weather climate (ambient temperatures, solar radiation,
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wind velocity, humidity) as well the measure of the evaporation rate were used. These

data have been collected by the climate station described in Chapter 3.

To validate the models, statistical indices reported in ‘Appendix A: Statistical

evaluation indexes’ were calculated, in particular the MBE PE RMSE and R?.

As case study the Lentini Lake, located at lat. 37°19'22.8"N and long 14°57'00"E,
water body altitude 18 m a.s.l., depth of water Z=10 m, lake water body area, A=12
km?, was chosen to compare the results of the proposed EVMs with experimental
observations. The waters of this reservoir are intended for industrial use and irrigation

of neighbouring municipalities. Figure 36 shows the Lentini lake.

Figure 36 Biviere Lake in Lentini (CT) Italy

The volume of water in the basin is (12 10° m?) (10 m) = 120 10° m>. The volume
evaporated for free water surface in a year is (1.743 m) (12 10® m?) = 20.92 10° m?
that, it is 17.43% of the water contained in the basin for a height of the basin equal to
Z = 10 m. This amount of water, if saved, can be used for irrigation or for energy
production purposes if the floating plant is installed in the storage basin of a

hydroelectric plant.

4.4.1 Numerical models for evaluation of the evaporation rate of
free water surfaces

In this section will be explicitly stated the equations that define the EVM obtained by

the DoE and the linear regression method.
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4.4.1.1 Data and measurements
The characteristics of the weather station are described in Chapter 3 where the class

"A" evaporimeter and the pyranometers for measuring solar radiation were installed.
The meteorological data measured by the weather station during the period going from

10/04/2018 to 30/05/2018 are reported as a function of time, in Figure 37.
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Figure 37 Monitored variables for 51 days at Passo Martino Lake (CT)

The water vapour absorb radiation in the longwave part of the spectrum. Such effect
is taken into account because of the evaporation models use the solar irradiation

measured close to the water basin, so considering the actual fraction of water vapour.
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4.4.1.2 DoE and linear regression evaporation models

Using the weather data previously mentioned it is possible to calculate the daily
evaporation rate for a water basin. Subsequently, it was possible to determine the
unknown coefficients necessary for obtaining the EVMiiee Dok as well the EVMiree lin.reg.
Eq. 41 to Eq. 45, represent the models obtained through the DoE method and the linear
regression theory.

Table 8 Proposed Evaporation Model for free water basins

Models Input variable n. eq.
and method

E =0.2389 + 0.0133R, + 0.0077T + 0.1589T,, — R, TT,RH u,, | Eq.41

0.0325RH + 0.2302u4, (lin.reg. 5)

Eiy 4 =242140.012R; + 0.159T — 0.056RH + 0.122u,, Ry T RH uq Eq. 42
(lin.reg. 4)

E = —-0.307 — 0.0486R; + 0.177T + 0.0119RH + Ry RH T uq, Eq. 43

1.00781u,0 + 0.00163R,T + 0.00098R,RH — 0.00601Ru;q — | (DoE 4)
0.00244T RH + 0.0153T u;o — 0.0115RH u;o + 0.0045R2 +
0.00248T% — 0.0109u%,

E = 1.802 + 0.047R, — 0.133T — 0.146u,, + 0.028R,T + Ry T uqq Eq. 44
0.012Rgu;o + 0.013T u;9+ 0.003RZ + +0.006T2 + 0.001u?, | (DoE 3)

E = 1505 + 0.052R, — 0.080T + 0.002R,T + 0.003R? + R, T Eq. 45
0.006T* (DoE 2)

The polynomial models listed above, determine the evaporation rate using the actual
weather data for a given site. Note that both the DoE equations and the linear
regression equations were obtained starting from the results carried out by the Penman-

Monteith model.

It is fundamental to underline as the proposed EVMs require as input to calculate the

daily evaporation rate just usually known weather data.

4.4.1.3 Comparison of the proposed EVMs with the Penman-Monteith
model

For both DoE and linear regression models, the statistical indices have been calculated

and reported in

Table 9.

Furthermore, the evaporation trends during the period under examination were

represented, and compared with the reference model, in Figure 38.
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Figure 38 Comparison among reference model (Penman-Monteith) and proposed models

Table 9 Comparison among reference model (Penman-Monteith) and proposed models

Linear Linear Design of Design of El;eilfi’r:zzi ‘
Regression | Regression Experiments 4 Experiments 3 P P

Eq. 41 Eq. 42 Eq. 43 Eq. 44 Eq. 45
MBE
(mm d) -0.16 -0.25 -0.03 -0.04 -0.16
PE (%) 2.68 4.12 0.56 0.66 2.65
RMSE
(mm ) 0.39 0.40 0.37 0.41 0.41
R’ 0.97 0.97 0.98 0.97 0.96
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From the critical analysis of the statistical values calculated for the proposed models,
the linear regression model with five variables and the DoE model with 4 variables are
the ones the best performing.

From the MBE sign, we understand how the models understate evaporation.

4.4.1.4 Comparison between models and measures

In Figure 39 a graphic comparison is proposed among the models existing in the
literature and the measurements taken by the aforementioned evaporimeter.

For each literature model, the statistical indices have been calculated and reported in
Table 10.

Table 10 Statistical comparison between reference measures and literature models

Eq.5 Eq. 6 Eq. 7 Eq. 8 Eq.9 Eq. 10
j(‘fnl;E ) 0.12 2022 L0.17 -0.67 20.10 0.21
PE (%) 2.18 3.94 3.03 11.44 1.92 337
%ﬁ_,) 0.94 113 1.01 1.56 1.06 1.22
R 0.85 0.79 0.83 0.64 0.81 0.74

The statistical comparison between the evaporation data measured with an
evaporimeter and those calculated with the models shows a good correlation. This is
shown by the values of R? obtained. In fact, as can be seen from Table 10, a correlation

of 0.85 was obtained for the Penman model.

A necessary observation concerns the fact that from the value of the MBE obtained for
the Rhower model, it can be deduced that the latter considerably underestimates the

evaporation with respect to the measurements.

Another important consideration concerns the fact that the Penman-Monteith model,

as many literature studies also confirm, is the most performing.

Figure 40 shows the comparison among the proposed EVM and the measurements

taken by the aforementioned evaporimeter.

Table 11 shows the values statistical indices calculated for each proposed model.
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Table 11 Statistical comparison between reference measures and proposed models

Linear Linear Destgn of Destgn of Design of
. . Experiments | Experiments .
Regression Regression 4 3 Experiments
Eq. 41 Eq. 42 Eq. 43 Eq. 44 Eq. 45
?gf ) 20.03 20.12 20.03 0.09 0.10
PE (%) 0.56 2.07 0.53 1.50 1.61
RMSE
(mm ) 0.98 0.92 0.89 0.97 1.02
R? 0.82 0.85 0.86 0.83 0.81

From a critical analysis of the calculated statistical indices, it can be deduced that the
four-variable DoE model is the best. From the sign of the MBE we can say that the Eq.
41 and Eq. 42 of linear regression and the Eq. 43 DoE, understate the evaporation to
the measured values. DoE models with 2 and 3 variables then Eq. 44 and Eq. 45
overstate the evaporation to the measured values. The correlation coefficients obtained

show that the proposed models have excellent performances. In fact, the best model

has a correlation coefficient of 0.86.
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Figure 39 Graphical comparison between literature models and measurements
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Figure 40 Graphical comparison between proposed models and measurements

4.4.1.5 Comparison of cumulated evaporation
This section compares the cumulative evaporation calculated for all the models with

that one coming from the observations.

The graphic comparison of the Ecum in the time interval considered is reported in Figure
41. In particular, the one calculated with the models (of literature and proposed) is

compared with that of the observations.
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A numerical comparison of the cumulated evaporation calculated by the models and
measured in the observations was also carried out. The calculated values are shown in

Table 12.

350 T T T T T T T
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Figure 41 Cumulated Evaporation

Comparing the evaporation models and that measured by the evaporimeter was
obtained by 4Ec«m, in which the observed evaporation was taken as a reference. In

addition, the percentage difference was also calculated (4Ecum %).

The cumulative evaporation analysis shows that using even the worst of models, we
obtain acceptable data, so if a long-term analysis is performed, we can serenely use all

the models examined, while if the analysis to be performed it is short term or even for
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a single day, to obtain valid results, it is advisable to use more complex models like

that of Penman-Monteith.

Table 12 Numerical comparison of cumulated evaporation

Measures/models Ecum (mm) AEcum (mm) AE cum (%0)
Measures 303.21 0.00 0.00
Penman Monteith 309.82 -6.62 -2.18
Penman Monteith-modif. 291.24 11.96 3.94
Valiantzas 293.99 9.21 3.04
Rohwer 268.49 34.71 11.45
Mec Guinness Bordne 297.35 5.85 1.93
Hargreaves 313.39 -10.19 -3.36
Linear Regression 5 301.49 1.71 0.56
Linear Regression 4 297.05 6.15 2.03
Design of Experiment 4 301.59 1.61 0.53
Design of Experiment 3 307.76 -4.56 -1.50
Design of Experiment 2 308.09 -4.89 -1.61

From the AEcum % results, the DoE 4 model is the most performing in terms of
cumulative evaporation. This confirms once again the robustness of the proposed

models.

4.4.2 Evaporation proposed models for partially covered surfaces
As previously mentioned, the proposed evaporation models developed for partially

covered surfaces by FPV are tested on the water basin of the “Biviere di Lentini”.

4.4.2.1 Data and measurements
The results were obtained from measurements of the quantities (relative humidity,

solar radiation, wind velocity, ambient temperatures) in input to the model, obtained

from the PVGIS.

Figure 42 and Figure 43 show the one-year weather data in Lentini.
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4.4.2.2 Suspended systems

For this type of installation, the evaporation was calculated by the proposed EVM
model as a function of the percentage of covered water surface (CWS). These models
take into account the reduction of the solar energy incident on the water surface. In
Figure 44 the daily evaporation rate, as well as the cumulative evaporation curves, are

depicted:

o for the case of the free water basin, calculated with the Penman method (Efree Penman;

Efree cum Penman) and with the linear regression method (Efree linreg.; Efree cum lin.reg.);

e for the 50% of the water basin covered by FPVs, (Erpvs,penman (50%); EFPVS,cum Penman
(50%)) and (Erpvs linreg. (50%); EFPVS.cum lin.reg. (50%)).

It can be observed that between the two cases there is a difference in the cumulated
evaporation of about 500 mm, this result is confirmed by both two models adopted. As
regards the daily evaporation once again relevant differences emerge among the values
calculated with the two models. However, since these differences are both positive and
negative the cumulate evaporation is very similar along all the periods of the year.
Table 13 shows the main parameters which characterize the evaporation of the
investigated basin as function of the percentage of water surface covered by suspended
FPV calculated by the Penman and the linear regression method.

Table 13 Yearly Water evaporation for suspended FPV

Percentage of 0

covering [%] (free surface) 10 30 50 70 100
EFPVSf‘I"”P”””‘“” 1742 1638 1429 1221 1013 701

[mmy ']

Erpyvs c-‘z;m lin.reg. 1743 1644 1446 1248 1051 754
[mmy ']

EFPV cum [20] - -0.39 -1.17 -2.22 -3.69 -7.55
AEFPVicum Penman _ 104 312 520 728 1041
[mmy ']

AEFPVicum lin reg. _ 99 297 494 692 989
[mm y”]

n [%] - 6 18 30 42 60
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Figure 44 Daily and cumulated evaporation for free and 50% of CWS by suspended FPVs.

Negative values of the parameters erpvcum indicate that the EFpvs cum linreg. 1s higher than
EFPVS cum Penman. Thus, a FPV that covers just 30% of the investigated water basin attains
a decrease of the evaporation rate of about 18%.

4.4.2.3 Floats that cover the entire surface below the module (Figure 34a)
As previously described FPV installed in floating manner (see Figure 34a) causes
different interactions on the water basin.

Daily and cumulative evaporation are calculated with the Penman-Monteith and linear
regression models using the equation defined in the previous paragraphs.

In Figure 45 the daily evaporation rate, as well as the cumulative evaporation curves,

are depicted:

e for the case of the free water basin, calculated once again with the Penman
method (Efree Penman; Efree cum Penman) and with the linear regression method (Efiee
lin.regr; Efree cum lin.regr.);

o for the 50% of the water basin covered by FPVFa, (ErpvF a,penman (50%); EFPVF a,cum

Penman(SO%)) and (EFPVF,a lin.reg.(50%); EFpvF.a cum lin.reg.(SO%)).
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It can be observed that between the two cases there is a difference in the cumulated

evaporation of about 1300 mm, this result is confirmed by both two models adopted.
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Figure 45 Daily and cumulated evaporation for free and 50% of CWS by floating FPVF ,.
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As regards the daily evaporation very modest differences emerge among the values
calculated with the two models. Table 14 shows the main parameters which
characterize the evaporation of the investigated basin as a function of the percentage
of WSC by floating FPVFa calculated by the Penman and the linear regression method.

Table 14 Yearly Water evaporation for FPVF ,

Percentage of 0

covering [%] (free surface) 10 30 >0 70 100
Erpvea cum penman 1742 1423 883 471 186 0
[mm y']

Erpvea cumtinreg. 1743 1412 854 436 171 0
[mm y']

£FPY cum [ %] - 0.82 3.30 7.45 8.29 -
"E”’V_F;“ cum Penman - 318 859 1271 1555 1742
[mm y']

"E”’V_F;“ cum B reg. - 331 889 1307 1572 1743
[mm y']

N [%] - 18 49 73 89 100
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Thus, a FPV that covers just 30% of the investigated water basin allows reducing its
evaporation of about 50%. It is evident as this kind of installation provides a higher
reduction of the evaporation in comparison with the installation of FPV with

suspended PV modules.

4.4.2.4 Flexible floats (Figure 34d), in direct contact with the water

Daily and cumulative evaporation are calculated with the Penman-Monteith and linear
regression models using the equation defined in the previous paragraphs.

In Figure 46 the daily evaporation rate, as well as the cumulative evaporation curves,
are depicted:

e for the case of the free water basin, calculated once again with the Penman
method (EfrecPenman; Efree cum Penman) and with the linear regression method (Efree
linregr; Efree cum linregr.);

e for the 50% of the water basin covered by FPVF, (ErpvE.d Penman(50%); EFPVF.d cum
Penman(50%)) and (EFpvF.d lin.reg.(50%); EFPVE.d cum lin.reg.(50%))-

It can be observed that between the two cases there is a difference in the cumulated

evaporation of about 1100 mm, this result is confirmed by both two models adopted.
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Figure 46 Daily and cumulated evaporation for free and 50% of CWS by floating FPVF,.

As regards the daily evaporation once again some differences emerge among the

values calculated with the two models. However, since these differences are both

positive and negative the cumulate evaporation is very similar along all the periods of

the year. Table 15 shows the main parameters which characterize the evaporation of

the investigated basin as function of the percentage of water surface covered by

floating FPV type 1d, calculated by the Penman and the linear regression method.

Thus, a FPV that covers just 30% of the investigated water basin allows reducing its

evaporation of about 42%. It is evident as this kind of installation provides a higher

reduction of the evaporation in comparison with the installation of FPV with

suspended PV modules and a little bit lower than the FPVF. installation.
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Table 15 Yearly Water evaporation for floating FPVF 4

Percentage of 0
covering [%] (free surface) 10 30 50 70 10
EFPVF,II cum_}]“enman 1742 1479 1012 624 315 0
[mm y"]
Erpvra cunf]lin.reg. 1743 1478 1010 621 313 0
[mm y"]
EFPV cum [%0] - 0.01 0.18 0.40 0.57 -
AEFPVFd cm_n] _ 263 730 1118 1427 1742
Penman [mm Yy ]
AEFpvFa cu-rr; lin reg. _ 264 733 1121 1430 1743
[mm y"]
n [%] - 15 42 64 82 100

4.5 Conclusions

One of the main advantages of using the proposed numerical models is their very
simple implementation and that they need just a few usually known environmental
variables; i.e. solar radiation, humidity, air temperature, water temperature, wind
velocity. Therefore, in function of the most diffuse typologies of FPV three further
numerical models EVMgrvp are developed, which allow estimating the evaporation rate
in water basin partially covered by FPV. These models start by the energy balance on
the water surface considering the effects due to the different typology of FPV

installation, suspended or floating.

The results of the developed analysis show the quantity of evaporated water depends

not only on the percentage of WSC but also on the characteristics of floating systems.

Indeed, installing the FPV on the 30% of the basin area, suspended systems achieve a
reduction of the evaporation rate of about 18%, systems that cover entirely the surface
below the modules achieve a reduction of 49%, and flexible modules in direct contact
with water achieve a reduction of 42%. Obviously increasing the water surface
occupied by FPV the reduction of the evaporation rate increase (e.g. covering 50 % of

the surface the decrease of the evaporation rate are, 30-73-64% respectively).

It has been shown that floating systems compared to suspended systems have a higher
yield in terms of evaporation reduction. The floating systems that cover the entire

surface below the modules are the most efficient, followed by the flexible floats
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systems which have a lower efficiency since a part of the heat produced by the

photovoltaic modules is exchanged with water.
Through this study it is possible to estimate the reduction of evaporation in the
presence of FPV systems on water basins and therefore consequently:

e the increase in energy collected by FPV modules due to evaporative cooling

e the revenues in economic terms of non-evaporated water that can be used for other

purposes such as: Energy production from HPP plants and rrigation and civil use.

Chapter 6 will deal with the study on the effect of evaporation in the energy collected
and in Chapter 9 an economic analysis will be developed that takes into account the

revenues deriving from the lack of evaporation.
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5 Thermal models for evaluating the
performances of monofacial and bifacial PV
modules

5.1 Introduction

This chapter has the objective to describe mono-dimensional multilayer mathematical
model apt to estimate the temperature of photovoltaic (PV) cells for both monofacial
and bifacial PV modules. A dynamic three-layer model (3L-NM) will be developed,
in which the contribution of solar radiation that hits the back of the PV module is
included. The model is constituted by energy balance equations, one for each layer of
the PV module. The input data of the proposed model are the environmental weather
conditions as well as the withdrawal electrical power. The outputs are the average
temperature of each layer, so it is possible to determine the PV cell temperatures that

typically cannot be directly measured.

This study allows to establish the basis for the realization of models for the estimation
of energy performances in the case of photovoltaic modules installed in water

environment (FPV).

5.2 Methodology

The schemes of a monofacial and bifacial module, as well as the heat fluxes incoming

and outgoing, are depicted in Figure 47.
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Figure 47 Schematic representation of the mono and bifacial modules

The terms qeonv and qr are referred to the heat fluxes on both sides of the PV module,
described by the subscripts “fe”, “bg”/’ted”, due to the convection and radiation
phenomena respectively. G and Guk represent the solar irradiance that hit the module
on the front and the backside respectively. It is important to highlight that the term Guk
is a function of the view factor of the back surface to the skydome, which in turn a
function of the height from the ground Hgr and the angle of tilt of the module. The
"Bifaciality Factor" (BF) is used for characterizing the performances of the "Bifacial

modules.

5.2.1 Mathematical Model of PV cell temperatures
In this study, the model proposed by King [98], which is a single point model and the

model developed by TamizhMani [99], which is a linear regression model, were
assumed as reference for comparing the results carried out through the proposed

model.

TamizhMani’s model was chosen because it is based on a methodology analogous with

that one used for a novel linear regression model presented in this chapter.

5.2.2 Model description

The numerical multi-layer model 3L-NM presented in this chapter is characterized by
the introduction of supplementary terms in the set of equations of the thermal energy

balance, respect to multi-layer models developed by the literature.
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Figure 48 shows the three layers discretization scheme of the PV modules, monofacial

(a) and bifacial (b) implemented in the model.

Tig Front glass

PV layer

Back tedlar

b} Ty PV layer

Thy Back glass

%
Tfq Font g i #

:

!

Figure 48 PV module layers: a) monofacial; b) bifacial.

The energy balance equation of each layer is defined taking into account the thermal
fluxes due to radiation, convection, and conduction, as well as the energy converted
by the PV cell. In particular, the radiative heat fluxes between front glass (fg) and back
tedlar (ted) for a monofacial module, or the back glass (bg) for bifacial module surfaces
with the sky (Tsky) and the ground (Tground) are embedded. Convective heat fluxes are
calculated by the Newton equation and the temperature of the surrounding
environment (Ta). Specifically, the convective coefficients were calculated taking into
account the possible different fluid dynamic conditions (e.g. natural, forced or mixed
convection). Thus, the convective coefficients are defined in function on either the

characteristic length of the PV module, temperature gradient and wind speed.

Figure 49 shows the thermal equivalent electrical circuit for a three-layer ground-
mounted PV module, where the thermal fluxes and the unknown temperatures in a PV
module are highlighted. The complexity of the thermal equivalent electrical circuit is
a function of the number of considered layers. It is worth noticing that the voltage
source Tsky is a controlled voltage source as it depends on the ambient temperature Ta,
whereas the conductance related to the radiative heat exchange is indicated as a
nonlinear element. A common simplifying hypothesis allows us to turn them into
linear elements. The bifaciality of the PV cells is included in the numerical model

taking into account the front and back solar radiation conversion in electricity. In the
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follows section these terms are made explicit in the differential energy balance

equations.
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Figure 49 Equivalent thermal circuit for multilayer proposed model

5.2.3 Energy balance equations
The common hypothesis of the models are:

e The heat loss from the border of the photovoltaic module are neglected (one-

dimensional model);
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e All of the properties of the thermal material are considered homogeneous and

independent by temperature;

e The part of solar radiation that is not converted into electrical energy is absorbed

by the PV cells as thermal energy;
e The ambient temperature is postulated as equal on both sides of the module.

Each layer of the PV module is schematized as a homogenous slab, thus in the layers
that contain both PV cell and glass fiber or tedlar (see Figure 48), the thermal
properties of such layers are defined taking into account the percentage area of PV cell
and fiberglass. Field measurements have proved that it is a sufficient representation of

the actual thermal behaviour of a semi-transparent PV panel [100].

The proposed numerical model is one-dimensional, i.e. made of a serial assembling of
one-dimensional layers. The energy balance equations are defined in the middle of
each layer. Consequently, three independent Eq. 46 Eq. 54 Eq. 61 are derived, which
allow calculating the three unknowns temperatures, i.e: Tr,= central point of the front
glass; Tpv =PV cell layer; Togited = surface of the back glass/tedlar (mono facial/bifacial
module) [18];

-  FRONT GLASS

The energy balance equation for the front layer is:

ar . . . . .
Cfg dfg = (qT.fg—sky + Ar.fg-gr + Aconv,fg + Aca,fg-pv + Qcd,fg-bg/ted + (Dl) Eq. 46

The expressions for each term of the upper surface are shown below.

Crg = PrgAraSraCra Eq. 47
Gr.fg-sky = Arghr rg—sky Tsicy — Trg) Eq. 48
Arrg-gr = Arghr.rg-gr (Tgr = Trg) Eq. 49
Geonv,rg = Arghconv,rg(Trg — Ta) Eq. 50
ea,rg-pv = Apv m (Trg = Tpw) Eq. 51
Gea,fg-bg/tea = (Arg — App) m (Trg = Thgytea) Eq. 52
Dy = a5y GrrApg Eq. 53

- PVLAYER
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The energy balance equation for the PV layer is:

ATyy . . *
va di = (ch,pv—fg + Cch,pv—bg/ted + q’z + q)3 + CI)4 ) Eq' 54
* only for the bifacial module.
The expressions for each term of the central surface are shown below.
Cov = PovApvSpvCpy Eq. 55
] =A ! (T Tyy)
Qea,fg-pv = Apv Teasg +Teaps 19 P Eq. 56
] =A ! T, T,
Qcd,pg/ted—pv = Apv Ted.bg/ted T Tedpo ( pv bg/ted) Eq. 57
P, = (79w = Nojm-rr) GrrApy Eq. 58
D3 = aevanngrApv Eq. 59
Py = (Tog @y = Mo-bk ) GorApy Eq. 60
- BACK GLASS OR TEDLAR (BIFACIAL/MONOFACIAL)
The energy balance equation for the back layer is
dThg/ted e . s . Eq. 61
Cbg/tedT - (ch,bg/ted—pv + qr,bg/ted—gr + qr,bg/ted—sky + qconv,bg/ted +
9cipg/tea-fg + Ps)
The expressions for each term for the back surface are shown below.
Cbg = pbgAngbngg Eq. 62
Ctea = PreaAteaStedCted Eq. 63
] =A ! T, T,
Acdbg/ted—pv = Apv Teapg/ted + Tedpo ( pv bg/ted) Eq. 64
Qr,bg/ted—gr = Abg/tedhr,bg/ted—gr(Tbg/ted - Tgr) Eq_ 65
Qr,bg/ted—sky = Abg/tedhr,bg/ted—sky(Tbg/ted — Isky) Eq, 66
C'Iconv,bg/ted = Abg/tedhconv,bg/ted (Tbg/ted — la) Eq. 67
] _ =(A;;—A Tey — T,
Gcafg-bg/tea = (Apg = Apy) Tedbgyted + rcd’fg( fg ~ Ibg/tea) Eq. 68
D = abg/tedGbkAbg/ted Eq. 69

If the solar irradiance (Gyy) data on the back of the module are not available, they

could be determined following the procedure reported in [101] in which a model is
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implemented that obtains radiation on the back from direct and diffuse radiation with

an average error of 1.86%.

The conductive resistances of three above mentioned layers are:

Teafg = ;{% Teapg = 25/{7_; Ted,ted = % Teapy = 2%:} Eq. 70
The radiative coefficients are:

hr.gg-siey = 0rgFrgsicy Tsky + Trg) Ty + Tfy) Eq. 71

hr.fg-gr = 0&rgFrg—gr (Tgr + Tpg) (Tgr + Tfy) Eq.72

Ry by tea-sky = T€bg teaFug ted-sky Tsky + Togstea) Toey + Togeea) Eq.73

Ry pgjted-gr = O€bgstealngtea—gr (Tgr + Togrrea) Tgr + Ty jtea) Eq. 74

The sky temperature has been calculated through the Brunt’s equation [102] and Ter
has been assumed equal to T..

Convective coefficients:

ANu
heony = I Eq.75
c

The convective coefficients for both forced or free convection flows are calculated as
a function of the Nusselt number (Nu), which in turn is calculated as a function of
Reynolds (forced convection), or Grashof (free convection), and Prandtl number. The
front glass coefficient of convection is calculated using the relations presented in [103]
[104] for forced or free convection respectively. The convection is classified as forced

if Gr/Re? << 1, while as free convection if Gr/Re? >> 1.

hconv,fg,forced =57w+ 114 Eq. 76
_ AairNufree,fg
hconv,fg,free - L Eq. 77
c
1 1 1
Nufreerg = 0.14 [(GrPr)3 — (Gry — Pr)3] + 0.56(GrPr cos )4 Eq.78

When the ratio of Gr/Re? does not verify anybody of the previous conditions the
convection is classified as mixed. Then, the coefficient of convection is calculated as

[105].

hmix = (h;orced + ]‘L]'D:ree)l/3 Eq. 79
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The back glass/tedlar coefficient of convection is calculated using the relations
reported in [106]:

Nufree,bg/tedlair

hconv,bg/ted,free = L, Eq. 80
hconv,bg/ted,forced =5.7w Eq. 81
2
1
0.387Ras
Nufree,bg/ted = 0825 + 3 Eq. 82
9127
0.492\16
1 +( Pr ) l

The characteristic length that appears in the previous equations has been calculated as

follows:
L - 4Afg
c— ) Eq. 83

All the physical characteristics of the ambient air have been calculated considering the

so-called film temperature (Tt)

_ Ta + ng/bg/ted

! 2 Eq. 84

5.3 Experimental results

The weather data (i.e. solar radiation, wind speed, and air temperature) used in input
and for the validation of the numerical model data were derived from the observations
of two weather stations. The characteristics of meteorological stations are reported in
‘Chapter 3’. For monofacial module, the temperatures of the front, rear and central
layers were monitored, as well as the solar irradiance on the front and back surfaces.
For the bifacial module, the temperature on the rear surface and the solar radiation on
the front and back surfaces were monitored. Meteorological data and module
temperatures were acquired with a time step of 10 seconds. The black circles in Figure
50 indicate the positioning of the temperature sensors for mono and bifacial modules.

The characteristics of the used sensors are shown in Chapter 3.
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Figure 50 Graphic representation of temperature sensor positioning

Figure 51 and Figure 52 show the measured meteorological data used for modeling the

thermal behavior of the monofacial and bifacial module respectively.
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Figure 51 Experimental data used for monofacial module
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Figure 52 Experimental data used for bifacial module

The characteristics of the modeled monofocial and bifacial modules are shown in
Chapter 3.

5.3.1 Comparison of measured and calculated data for monofacial
module

To validate the model, the calculated and the measured temperatures of each layer
were compared. Figure 53 Figure 54 Figure 55 demonstrates the measured and
calculated temperatures of each layer (i.e. front glass, PV cell and tedlar) as well as the

difference between these temperatures, for the monofacial module.
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Table 16 reports the values of the statistical indexes, which allows evaluating the

effectiveness of the proposed model.

6‘0 B ~F T I T =T | — 1
Tfg model
Tfg measured
55 Tfg diff
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08:00 10:00 12:00 14:00 16:00 18:00 20:00
time [h] Jun 30, 2019

Figure 53 Front glass temperature modeled vs measured (m-module)

Table 16 Statistical evaluation for monofacial module

Front glass PV cell Back Tedlar
MBE (°C) 0.668 0.421 -0.340
RMSE (°C) 1.130 1.153 1.048
PE (%) 1.498 0.881 0.718
R? 0.992 0.993 0.992

It is possible to observe that the modeled temperature of the cell gives rise to a better
correlation with the measurements. Otherwise, the temperature of the front surface
gives rise to the worst reliability as emerges by the values of MBE, RMSE, PE.
Globally, it is possible to highlight a very good fit between the measured and

calculated data.
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5.3.2 Comparison of measured and calculated data for bifacial
module

Figure 56 shows the predicted temperatures of each layer of the bifacial module (i.e.

front glass, PV cells, rear glass).
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Figure 56 Modeled temperatures of the layers (b-module)
It can be noted that the temperature of the back glass module is very close to the cell
temperature, while Trg is at least 2°C less than Tpv. Figure 57 shows the measured and
predicted temperatures of the rear glass as well as the difference between these

temperatures, for bifacial module.
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Figure 57 Back-glass temperature modeled vs measured (b-module)

Table 17 shows the statistical indices, which are useful for evaluating the reliability of

the numerical model.

Table 17 Statistical evaluation for bifacial module

Layer MBE (°C) RMSE (°C) PE (%) R?
Backglass -0.071 0.773 0.161 0.990

It is possible to observe a very performing results in terms of MBE, RMSE, PE.
Considering that the simulations have shown that Tvg and Tev have very similar values,
it is possible to predict with very good accuracy the cell temperature for a bifacial

module.

5.3.3 Effect of solar radiation on the back of the module
One of the characteristics of the proposed model is of taking into account, in the

thermal balance of the PV module, of the contribution of the solar radiation that hit the
back surface Guvk. So it is of interest to evaluate the contribution of Gek on the cell
temperature considering different operative conditions (i.e. varying the intensity of the
solar irradiance Gfrand the wind speed ). These analyses were conducted at a constant

ambient temperature of 20 °C, and varying: Gt from 200 to 1000 W/m?; three different
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wind velocity, representative of low, medium and high wind speed; three values of Gok
expressed as a percentage of Gf. Table 18 summarized the different scenarios
simulated. The case Guk=0 does not take into account the solar radiation on the back
of the module. Figure 58 depicts the variation of Tpv, as well as the difference (Tpv (Gobk
#0) — Tpv (Gok =0) , versus the Gr radiation for the different percentages of Gok and
u=3.0 m/s, for a bifacial module.

Table 18 Simulated scenario

Wind speed Gk

u=0.5m/s 0 0.05Gy, 0.10Gy, 0.20Gy,
u=3.0m/s 0 0.05Gy, 0.10Gy, 0.20Gy,
u=10.0m/s 0 0.05G;, 0.10G;, 0.20G;,

Parametrization with w=3 m/s
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Figure 58 Tpv vs Irradiance (Gy) at u=3 m/s

Table 19 summarizes the values of Tpv for a solar irradiance of 500 and 1000 W/m?.

114



Table 19 Cell temperature for bifacial module

G#=1000 [W/m?]
Gk
u (m/s) Temp. (°C)
0 0.05G¢ 0.1Gx 0.2Gx
Tpy 454 46.6 47.9 50.7
u=0.5
Tpv-Tpv(Gor=0) 0.0 1.2 2.5 5.2
; Tpy 38.5 39.3 40.3 42.3
u=
Tpv-Tpv(Gor=0) 0.0 0.7 1.7 3.8
Tpy 31.2 31.6 32.2 334
u=10
Tpv-Tpv(Gor=0) 0.0 0.4 1.0 2.2
G#=500 [W/m?]
Tpy 30.9 31.5 32.2 33.6
u=0.5
Tpv-Tpv(Gor=0) 0.0 0.6 1.3 2.7
; Tpy 28.1 28.4 28.9 30.0
u=
Tpv-Tpv(Gor=0) 0.0 0.4 0.9 1.9
Tpy 25.0 25.2 25.5 26.1
u=10
Tpv-Tpv(Gr=0) 0.0 0.2 0.5 1.1

It is quite evident that the effect of Guvk is most important when G# has the highest
values and the wind velocity is the lowest. The difference of Tpv can reach about 5.2°C
when the wind speed is 0.5 m/s and 2.2°C when the wind speed is 10.0 m/s for the case
of 1000 W/m? and 2.7°C when the wind speed is 0.5 m/s, and of 1.1°C when the wind
speed is 10.0 m/s for the case of 500 W/m? at Gok=0.2 G#:.

Figure 59 depicts the variation of Tyv, as well as the difference (Tpv (Gbk #0) — Tpy
(Gok =0) , versus the Gt radiation for the different percentages of Gek and u=3.0 m/s,

for a monofacial module.
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Parametrization with w=23 m/s
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Figure 59 Tpv vs Irradiance at u =3 m/s

Table 20 summarizes the values of Tpv for a solar irradiance of 500 and 1000 W/m?.

Table 20 Cell temperature for monofacial module

G#=1000 [W/m?]

Gk
u (m/s) Temp. (°C)
0 0.05G¢ 0.1Gg 0.2Gg
Tov 51.0 51.3 51.5 52.0
u=0.5
Tov-Tpu(Go=0) 0.0 0.3 0.5 1.0
Tov 42.6 42.8 43.0 433
u=3
Tov-Tp(Gu=0) 0.0 0.2 0.4 0.8
Tov 33.6 33.7 33.8 34.1
u=10
Tov-Tp(Gu=0) 0.0 0.1 0.2 0.5
G#=500 [W/m?]
Tov 33.8 34.0 34.1 34.4
u=0.5
Tov-Tp(Gu=0) 0.0 0.1 0.3 0.5
3 Tov 30.1 30.2 30.3 30.5
u=
Tov-Tp(Go=0) 0.0 0.1 0.2 0.4
Tov 26.2 26.3 26.3 26.4
u=10
Tov-Tpu(Go=0) 0.0 0.1 0.1 0.2
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For the monofacial module the difference of Tpv can reach about 1.0 °C when the wind
speed is 0.5 m/s and of 0.5°C when the wind speed is 10.0 m/s for the case of 1000
W/m? and 0.5°C when the wind speed is 0.5 m/s, and 0.2°C when the wind speed is
10.0 m/s for the case of 500 W/m? at Gok=0.2 Gt The results obtained indicate that
the effect of the rear radiation has a greater impact on the bifacial glass-glass module.
This derives from two main phenomena: one that concerns the term of conversion of
solar radiation into energy, which is present only in the bifacial, and the other regards
the physical properties of the the modules. In fact, the monofacial module consists of
tedlar, a reflective and insulating material, the bifacial is made of glass, a material with
thermal conductivity higher than that of the tedlar. In addition, the glass-glass module
is semi-transparent while the tedlar glass module is opaque and therefore does not

allow solar radiation to pass through the module, where there is no cell.

The results are in line with [107] where it is demonstated that the bifacial modules
have lower cell temperature than monofacial. Moreover, it is apparent that, given the
same operating conditions, (e.g. Ta=20° C; G&=1000 W/m?; Gvk=0.2Gs; wind speed
u=3 m/s), there is a cell temperature difference between a bifacial and a monofacial
module (Tpv(monofacial)-T Pv(bifacial)) €qual to 1.0°C. Such parametric analysis has been
further extended with the aim to investigate the temperature variation of the
monofacial and bifacial modules in the transition from the open circuit (o.c.) to
maximum power point (m.p.p.). Table 21 and Table 22 summarizes the values of Tpv
for a solar irradiance of 800 W/m? and an ambient temperature of 20° C, for the bifacial

and mofocial module respecitevly.
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Table 21 Bifacial Cells temperature at o. ¢. and m.p.p.

Wind Gk
velocity Tpy (°C)
m/s 0 0.05Gg 0.1Gg 0.2Gy
Trv (0c) 43.1 443 45.5 48.0
u=0.5 Tev (mpp.) 39.7 40.7 41.8 44.0
Trv 0.c) - Tpv (mpp) 34 3.6 3.7 4.0
Trv (0c) 36.9 37.7 38.6 40.5
u=3.0 Tev (mpp.) 343 35.0 35.8 37.4
Tev (0.c) - TPV (mpp.) 2.6 2.7 2.8 3.1
Trv (0c) 30.3 30.8 31.3 32.5
u=10.0 Tev (mpp.) 28.7 29.0 29.5 30.5
Trv 0.c) - Tpv (mpp) 1.6 1.7 1.8 1.9
Table 22 Monofacial cells temperature at o. ¢. and m.p.p.
Wind Gk
velocity Tev (°C)
m/s 0 0.05Gx 0.1Gg 0.2Gy
Trv (0c) 46.3 46.5 46.7 47.1
u=0.5 Tev (mpp) 443 44.5 44.7 45.2
Tpv (0.c)= TPV (mpp) 2.0 2.0 2.0 2.0
Trv (0.c) 39.2 39.4 39.5 39.8
u=3.0 Ty mpp.) 37.7 37.8 38.0 383
Tpv (0.c)= TPV (mpp) 1.6 1.6 1.6 1.6
Trv (0.c) 31.7 31.8 31.9 32.1
u=10.0 Tev (mpp.) 30.7 30.8 30.9 31.0
Tpv (0.c)= TPV (mpp) 1.0 1.0 1.0 1.1

In the case of a bifacial model, an increase in the temperature is obtained from load to
open circuit, which is greater than in the case of a monofacial module. Furthermore, it
can be noted that, as the radiation on the back changes, the variations of Tpy in the
monofacial module are not very sensitive. This outcome is coherent with the fact that
in the balance equation of the bifacial model there is a term that takes into account the
energy production on the back, which strongly depends on the irradiance on the back,
while the monofacial module obviously does not have this term. The radiation on the

back of the monofacial module affect the temperature of the cell only through the flow

@,
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5.3.4 Models used to assess the performance of PV plants
Starting from the results of 3L-NM for a bifacial module, a regression model (1.r.3)

has been developed, which allows calculating in very simple manner the cell
temperature as a function of the environmental variables, i.e. solar radiation (W/m?)

ambient temperature (°C) and wind speed (m/s).
The developed regression model (1.r.3) is described by the following equations.

T,, = —22.1499 + 0.0300G,, + 1.9839T, — 0.0142w Eq. 85

The adoption of the l.r.3 model could be convenient for calculating the cell
temperatures for the glass-glass bifacial module. Thus, it is interesting to compare the
results of this regression model with the results of other numerical models proposed in
the literature. In particular, the comparison of the 1.r.3 model versus the King,
TamizhMani and 3L/NM models is proposed. Figure 60 shows the Tpv calculated
through the above-mentioned models, the measured on the back of the module Tvg and
the temperature differences between the temperatures calculated with different models
and the temperature measured on the back surface (Tpv -Tbg), under the same weather
conditions. As regards the King model for the coefficients “a” and “b “ the values of -

3.47 -0.0594 were assumed.
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Figure 60 Comparison of TPV derived by different models
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From this analysis, it can be observed that the results of the different models are very
similar. However, the model 3L-NM as well the 1.r.3 give rise to differences between
the cell and the back surface temperature smaller than the other models. This result is
in line with the thermal behavior of the bifacial cells because the absorbed solar
radiation on the backside is partly converted into power so reducing the differences of
temperature between the cell and the back surface. This result further confirms the
fundamental importance to consider the effect of solar radiation on the back of the

module, especially for the bifacial cells.

5.4 Conclusions

The results highlight the very good reliability of the proposed multi-layer model. In
fact, from the statistical analysis, correlation values of 0.993 and 0.990 were obtained,
PE values equal to 0.718 % and 0.161 % respectively for the monofacial and bifacial
module. The sensitivity study shows that the solar radiation on the backside of the
module has a greater impact on the bifacial module, so it has absolutely to be taken
into account in the implementation of thermal models for bifacial modules, as well in
the case of monofacial module for obtaining more performing model. When the
contribution of back radiation is included in a numerical model, temperature
differences up to 5.2°C for the bifacial and 1.0°C for the monofacial module at 1000
W/m? were observed. From the comparison between the existing models in the
literature and those proposed, it is possible to highlight that the proposed models give
rise to differences between the cell and the back surface temperature smaller than the
other models. This result is in line with the thermal behavior of the bifacial cells
because the absorbed solar radiation on the backside is partly converted into power so

reducing the differences of temperature between the cell and the back surface.

This preliminary study on the thermal behavior of mono and bifacial modules will be
used in the following chapters to implement the energy performance models of FPV
systems, in which the interactions between the system and the surrounding

environment (water) will be considered.
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6 Energy performance models for FPV systems

6.1 Introduction

The objective of this chapter is to create a performance models of bifacial and
monofacial PV modules installed on water surfaces considering active and passive
water cooling techniques. The PV modules installed on water surface experience lower
PV cell temperatures due to the cooling effect related with the favourable
microclimate, in which they operate, and the large availability of water for cooling
systems. As regards the first point, in the calculations of the energy balance used to
estimate the temperature of the modules, the effects of the interaction between the FPV
and the surrounding environment were taken into account. Furthermore, the case in
which a layer of water flows over the modules (active cooling with water veil) was
simulated, and the performance under these conditions was evaluated.

The numerical models implemented in this chapter are based on methodology adopted
in the previous chapter but with some modifications that have allowed to evaluate the
effect of natural and forced cooling of the FPV modules.

This study will make it possible to make technical-economic evaluations in the
following chapters, considering the increase in energy due to cooling effect. Therefore,
it will be possible to compare in economic terms, a GPV with a FPV system with active

and passive water cooling techniques.

6.2 Methodology

To get a clear view of the implemented models, Figure 61 and Figure 62 is a
representation of the cases, monofacial-bifacial:
e floating with passive cooling;

e floating with active cooling.
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Floating (passive cooling)
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Figure 61Graphic schematization of the passive cooling case.
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Figure 62 Graphic schematization of the active cooling case.

A model for each type of installation has been developed in particular floating mono-
bifacial, active and passive cooled and a rooftop mono-bifacial system is utilised as a
reference. In the following paragraphs, the energy balance equations for each model

and the evaluation of the different effects in the various installation cases are shown.

The methodology adopted for the implementation of this model is the same as the one
adopted for the multilayer model developed in [18], but with some changes reported

below.

The implemented rooftop-model consists of three differential equations, one for each

layer of the module, in which the convective, radiative and conductive effects are
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considered. The air between the roof and the modules was considered quiet with zero
speed. The methodology and equations used in this case are not reported as they can be
consulted in chapter “Thermal models for evaluating the performances of monofacial

and bifacial PV modules”.

6.2.1 Floating modules with passive cooling
The modules installed on the water (Figure 61) enjoy natural cooling due to the

favorable microclimate conditions. In the proximity of the body of water, the
evaporative effect is generated which allows a further heat exchange of the module
with the surrounding environment. To take these effects into account, the equation of

evaporation £ have been implemented in the energy balance.

E, is the Penman-Monteith [108] model that evaluates the evaporation of a body of
water, starting from the temperature, wind speed, solar radiation and relative humidity
data of the location in question. The evaluation of E was carried out according to the
methodology implemented in chapter “Evaporation rate models on a water basin with

FPV plants”.

So, for monofacial and bifacial modules, cooling due to water evaporation is

considered by subtracting the heat due to evaporation on the rear surface.

The adoption of this methodology to take into account the effect of evaporation on the

cooling of the module was suggested in [45].

To obtain the equivalent of water evaporated into energy, the Eq. 86 was used, where

28.4 is the evaporated water-energy conversion coefficient:

qe,,,bg/ted =284+ FE % Abg/ted Eq. 86
In the Penman-Monteith equation, radiation expressed in MJ m™ is converted to
equivalent evaporation in mm by using a conversion factor equal to the inverse of the
latent heat of vaporization (1/A = 0.408), so equivalent evaporation [mm] = 0.408 *
Radiation [MJ m]. By making the appropriate substitutions and conversions, obtain

the coefficient 28.4, as reported in ref. [109].

For the calculation of the radiative heat exchanges between the module and the water,
a model is used which, starting from the air temperature, provides the temperature of

the body of water [110]. The Eq. 87 describes the model.
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Eq. 87
Ty =54 0.75T,

Another hypothesis concerns the microclimate conditions that are created in the
environment surrounding the front and back of the modules. In fact, relative humidity
must be taken into consideration. Therefore, it is appropriate to consider for the
convective motions on the back of the module, the apparent air temperature [111] as

follows:

Tap = Tap + 0.33e, — 0.7u — 4 Eq. 88
Where T4 is apparent temperature (°C), 7a» is dry bulb temperature (°C), u is the wind

speed at 10 m height (m/s) and es is the vapour pressure of air (hPa).

The energy balance equations for the FPV system, in which heat exchanges with water

and the surrounding environment are taken into account, become the following [112]:

dTrgs1 . . . . .

Cfg d_f = (qT,fg—Sky + qr,fg—Wa + qconv,fg - ch,fg—pv + ch,fg—bg/ted + ch) Eq. 89
dTpvfl - . %

va P (QCd,fg—pv - QCd,bg/ted—pv + CI)2 + CI)3 + CD4 ) Eq. 90

dt a

ATpg/tedfl . . . . .

Cpg —22LEEM —~ - - - —~

_E dt (ch,pv—ti—‘z qr,—tl;—%—wa qr,tbe—%—sky qconv,ti—% ch,fg—:)e—% + CI)S Eq. 91

qev,bg/ted)

*only for bifacial modules.

Where in the front glass:

Ar.fg-sky = Arghrrg-sky Tsiy = Trg) Eq. 92

Ar.rg-w = Arghr.rg-wa(Twa = Trg) Eq. 93

QConv,fg = Afghconv,fg(ng -T,) Eq. 94

: — __r _

ch,fg—pv - Apv Ted fg+Tedpy (ng Tpv) Eq. 95

. 1

Geafg-bg/tea = (Arg = Apy) P (Trg = Tog/tea) Eq. 96
Where in the pv layer:

' =4 ! (Try —T,

Qca,fg-pv = Spv Tedra + Teapy fa = Tov) Eq. 97

] =A ! T, T,

ch,bg/ted—pv - dpv rcd,bg/ted + rcd,pv ( pv bg/ted) Eq. 98

Where in the back glass (for bifacial) or tedlar (for monofacial):
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1

Gea,pg/ted—pv = Apv rmb_g—_l_rcm (Tpy — Trg/tea) Eq. 99
Ted

rpg/ted-wa = A bg h. by T bg = Twa) Eq. 100

Qrbg/ted-sky = Atbe—%hr,i—%—sk (Tz_% ~ Tsiy) Eq. 101

Jconvpg/ted = Agz_%hconvygz_%(T% — Tap) Eq. 102

eafg-bg/tea = (Arg — Apy) r (Trg = Tog/tea) Eq. 103

bg *+Tearg
Cd‘ted

6.2.2 Floating modules with active cooling
In this circumstances (Figure 62), a layer of water flows on the front surface of the

module, which is made up of glass. The basic assumptions are the same as for the FPV
photovoltaic module without water flow, the only difference is in the front layer of
glass, where the water flows. Being a one-dimensional model (not variable with the
length/width of the module), it is assumed that the water temperature 7w is in the
center of gravity of the module. The equations of the energy balance in the cell layer
and in the back layer remain the same as those considered for the FPV system with
passive cooling, the only equation that changes is that of the first layer or the front
glass in contact with water. The equation described above is shown below [112].

daT . . . . .
Cfg fl ng = (qr,fg—sky + r.fg-wa + dconvwa — Acd,fg—pv + Gcd,fg—bg/ted + @) Eq. 104

Where, all terms remain the same as the FPV with passive cooling, except for the

following term, which was implemented as described below:

(?conv,wa = Awahconv,wa (Tw - ng) Eq. 105
AwaNU
heonvwa = I Eq. 106
Cc
Where:

! 44z

c = Eq. 107
p q

The coefficient /conv,wa 1s evaluated after computing the Nusselt number Nu, which has

been considered fixed for a laminar flow and equal to Nu=3.608 [113].

The Reynolds number is:
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uwa LC

e = Eq. 108
Vwa q
Where:
Upyq =V LypanSwa Eq. 109

uw is the mean velocity of water (m s™), ¥ is the volume flow rate of water (1 h''), and
Ve 18 the kinematic viscosity of water.

For the calculation of /convw has been used the table proposed in [114] which for
completeness it is reported below.

Table 23 Water parameter used in the thermal model

T (K) i U (M2 $7-1) Re
W)
288 0.5892 1.157 10"-6 13.64
293 0.5984 1.006 10-6 15.69
313 0.6305 0.658 10"-6 23.98
333 0.6543 0.475 10°-6 33.22

Using the interpolation, intermediate values have been obtained at the tabulated values

of Table 23.

6.2.3 Models comparison
To evaluate the effect of cell cooling on power and efficiency, a comparison is made

between the results deriving from the different models implemented. This comparison

is made on the basis of the following formulas.

The efficiency is calculated by Eq. 2 Eq. 3 and the increase/decrease in efficiency is
calculated by Eq. 110.

Nb/m-f1
7717/m—g7’

The power produced by the front of bifacial and monofacial rooftop module is:

G
Pyvmyb,fr = Frnpp ?f; [1+B(T, — TSTC))] Eq. 111

For the bifacial rooftop module, the contribution of power produced from the back was

also considered as follow.

G
Poubiok = BF Py ?”T"C [1+B(Tpy — Torey)] Eq. 112
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To evaluate the temperature difference from the floating (with active and passive
cooling) respect to rooftop, the Eq. 113 is calculated for both the monofacial and

bifacial module.

bg/ted rt = Tbg/ted fl

Tairr% = 100 Eq. 113

Tbg/ted rt

The equivalent hours Yms, in kWh/kW, is evaluated it is the sum of hourly average
power values under the hypothesis that the system works at maximum power point,
mpp, then it is normalized respect with peak power, in kW. The subscripts m and b

indicate, respectively, the monofacial system and the bifacial one:

n

— m(t)At Y'm

Eq. 114
t=0 Pmpp,m Pmpp,m
n
mpp b®)At _ v Eq. 115
mpp b mpp b

t=0
It is worth noticing that Y’» is normalized respect with the front side module power
Prrpp,b

The bifacial gain BG, in %, is defined in Eq. 1.

BG is used to evaluate the energy gain of a bifacial system compared to the monofacial.

The comparison of the performance between the rooftop and floating systems is
important for evaluating the actual increase in energy produced by FPV. To evaluate

this increase, is calculated the floating gain (FG).

FG, in %, is defined in Eq. 116.

Yo — Y,
FG = 100 L—= Eq. 116
Yrt

FG is used to compare the producibility of a floating system compared to a rooftop

system. The rooftop system is taken as a reference.

6.3 Test of models

The validation tests were performed by comparing the experimental data with the
numerical values of the models