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ABSTRACT
The PV/T combine system produces simultaneously the
electrical and thermal energy as a form of hot air and water. This

study aims to combine solar PV panels with two types of thermal
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solar collectors for air and water which work to increase extracted
heat and reduce the temperature of the solar PV panel, in addition to
many extras such as PCM, pours media. Nano-fluid was used with
1% concentrations of MWCNT- nanoparticles. Experimental work
have been built and inaugurated in the Technical Collage of Najaf,
Al-Furat Al-Awsat Technical University, Iraq. Geographically, an
investigation on PV/T combine system has been carried out under
the weather conditions at Najaf (32° N /44° E) for selected day of
June and July from 7am to 8pm ,the readings were taken and
recorded every 15 minutes. A comparison was made for PV/T
combine system under two mode of fluids flow air plus water and air
plus MWCNT-nanofluid with conventional PV without any cooling
system under different mass flow rate for air varies from 0.02 kg/s to
0.05 kg/s and from 0.01kg/s to 0.08 kg/s for both water and
MWCNT-nanofluid. The copper pipes with three different inner
diameters was tested (8mm, 10mm, 12mm) with different number of
pipes arrangement at the bottom of the PV solar panel started from 8
t016 to get the best design for the PV/T water collector. To fulfill
numerical computations, a Comsol Multiphysics program has been
employed as a computational fluid dynamics (CFD). The numerical
study was carried out to determine the optimal design from each
configuration. The experimental setup of the system was
constructed, using the optimal of copper pipes diameter and number
for each configuration and were evaluated using the numerical
results. Paraffin wax was used as a PCM, which dictates the content
surrounding the copper tubes. A double pass single duct air thermal
collector type was used, it was filled with porous media (steel wool)
at the back duct of air thermal collector. The practical tests showed
that the PV/T combine system with MWCNT-nanofluid and air as
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cooling fluid has a higher improvement in electrical efficiency than
PV/T combine system with water and air in comparison with
traditional PV panel. The amount of improvement in electrical
efficiency was 21.667% for PV/T combine with air and water as a
cooling fluid when the base temperature (T,) was lowered from
89.3°C to 53.5°C electrical efficiency increased from 10.747% to
13.076%. The rate of improvement in electrical efficiency was
23.529% when the Ty, was lowered from 87°Cto 49.3°Cand electrical
efficiency increased from 10.815% to 13.359% for PV/T with air
and MWCNT-nanofluid as a cooling fluid. Also, the practical tests
showed the improvement in the thermal performance of the PV/T
combine system with MWCNT-nanofluid and air compared to the
thermal performance of the PV/T combine with water and air. Each
of the heat power generated, total thermal efficiency ,overall
efficiency and exergy efficiency reached to 302.728W, 56.579%,
02.883%, 14.685% respectively for PV/T combine system with
MWCNT-nanofluid and air compare with 235.403W, 49.475%
82.966%, 14.492% respectively for PV/T combine system with
water and air. Due to the presence of phase changing materials the
difference in temperature continued for an hour after sunset for both

the air and the outside water.

TABLE OF CONTENTS

DECLARATION ..ot
ACKNOWLEDGMENTS ...ttt I
ABSTRACT .ttt i

viii



TABLE OF CONTENTS ... oo viii

LIST OF TABLES ...ttt e XV
NOMENCLATURE ...t rae e xviii
INTRODUGCTION .ottt ettt e e b e e e e e enaeeennnas 1
1.1Research BacKgroUNnd...........cooiuiiniie i e e 1
1.2Photovoltaic (PV) panels. ... .. ... 2
1.3 Photovoltaic Thermal (PV/T) SYStem.......c.oiiriii e, 3
1.3.1 Air-based PV/T SYSIEM .ot 4
1.3.2 Water-based (PV/T) SYSIEIM .....ccuiiiiiiiieiieie ettt 4
1.3.3 PV/T COMDING SYSTEM ...ttt 5
1.3.4 Phase-Changing Materials Based PV/T SYSteM .........ccccooveviviieiieie e 5
1.4 AIMS OF RESEAICN. .....eti e 5
1.50bjectives 0F ReSEArCh. ... ..o 6
1.BThESIS OULIINE. .. .t 7
CHAPTER TWO ...ttt sttt ane e 8
LITERATURE REVIEW ....ooiiiiiiiec et 8
2.1 INErOTUCTION. ...ttt e e e e e 8
2.2 PVIT with air-based SYStem........oviriniii i 8
2.3 PVIT with water-based and nano-fluid based system................................ 15
2.4 PVIT with Phase Change Material (PCM)..........ccovviiiiiiiiiiiieeee, 21
2.5 PV/T combine with (air and water) System.............coovviiiiiiiiiiiiiiiiennen, 27
Figure 2-26 Double fluid With PV/T [43]....oonii e 32
CRAPLEEN THFEE ...t bbb 39
METHODOLOGY ..ottt ettt ettt e e e e s e e annaeeannes 39
K TB O Y =P 39
3.2Numerical water thermal collector Model...............ccoooiiiiiiii, 39
3. 2.1 PhySiCal MO N ... e 39
3.2.2 Governing Equations and Boundary Condition ............ccccceveieienenininnienieneens 40
3.2.4 Meshing and Solution Model ...........ccooiiiiiiiiii 42
3.2.5 NUMerical VerifiCatioN .........cccccveiviieiieii e 43
3.3 Electrical Analysis for Photovoltaic PV Panel. ... 44
3.4 Thermal Analysis for (PV/T) combine System.........cccoovvviiiiiiiiicve e 45
3.5 ThermodynamicC ANAIYSIS.......cvciiiiiieiie i 47



3.5. 1 ENErgy ANAIYSIS. ...c.eiiiiiiieieiie et 47

3.5.2 EXEIgY @NalYSIS....coviiiiiiiieieiie ettt 48
CRAPLET FOUT ...t bbbt 51
EXPerimental STUAY..........coviiiiie e 51
A1 INEFOTUCTION ..ottt et et e b e teere e beebeeneenreas 51
4.2 Photovoltaic Thermal (PV/T) Combine SYStem .......cccccevveeiirieiiieninieneenesie e 51
4.2.1 PhotoVoltaiC(PV) PANEIS. ....cceeeeieieece st 54
4.2.2 Sheet and Tube Water Thermal COlECtOr..........ccccvviiiiieiiiiece e, 56
4.2.3 Phase Change Material (PCM) CONtAINET .........ccovveiieiieie e 56
A.2.4 AT DUCE ...ttt bttt 57
4.2 5 Water PUMP . ..o e e 58
Table 4-2 PUump CharaCteristiCs. .........oviuiiriit i, 59
A.2.6 AT FAN ottt bbb 59
4.3 MEASUIING DEBVICES .....eeivreiieiieeiie ettt ettt et te e re e re e beeaeaneesre s 60
4.3.1 Pyranometer (Solar POWEr IMELEN)........coveiuiiieiiesie et 60
Table 4-3 Characteristics of Pyrometer Device............ooeviviiriiiiiiiiiiniiiieann, 61
4.3.2 Data LOGGEr DEBVICE.....cueiieiiieeie ittt 61
4.3.3 ANEIMOIMELET ...ttt sttt et st e sb e st e e be e s sbeenbeesnbeesnee s 62
A.3.4 FIOW-IMEBLEE ...ttt ettt et et esne e teenaesseenneaneenneas 62
4.3.5 ClamMP MELET ...ttt 63
4.3.6 POWET SUPPIY ..ttt 64
4.3.7 Variable ResiStanCce LOad .........cccccueiveiiiieiiiie e 64
4.3.8 ThermoCOUPIES SENSOK ......cc.oiiiiiiiieiieie et 65
4.5 MWCNT-Nanoparticles Thermo-physical properties...........ccccvevenenenienincieennn, 67
Table 4-4 Characteristics of the MWCNT-nanoparticles..................cooevveinnn... 67
4.6 MWCNT-nanofluids Thermo-Physical Properties................cccoooviiiiiinin.. 68
4. TEXPEriment ProCEAUIE. .. ...ttt e, 69

CHAPTER FIVE ..ottt e 70
RESUILS aNd DISCUSSION .......eivieiiiiiiiiieiie ettt sttt 70
5.1 INEFOAUCTION ..ttt b et nee e 70
5.2 NUMEICAl ANAIYSIS .. oviiviiciie it 70

5.2.1 Modeling Water Thermal Collector Based on the Diameter and Number of
WaaLer-PasSiNg PIPES .....vviiiiiiie ittt ettt ra e ae e saeeabeenree s 71



5.2.2 Modeling the Optimum Water Thermal Collector Based on Variation in the

FIOW RALE. ..ottt ettt e bt et e et eeneenre e nnes 74
5.3 EXPerimental ANAIYSIS. ..ot 76
5.3.1 Photovoltaic (PV) Module (without thermal collector) ...........ccoocvvvviieiviinnnen, 77
5.3.2 Photovoltage Thermal PV/T Combine System with Water and Air as a
C00IING FIUIG ..o 79
5.3.2 .1 Influence of Water Mass Flow rate Change...........ccocvveviiiiiiiinninncnennn, 80
a. Base Temperature (Th) . ..o 80
a.pen Circuit Voltage (VOC)......ouiri e 81
D.ShOrt Circuit CUITENT (ISC)...eeviiieiieeieeie e 82
5.3.2.2 Influence of Air Mass Flow Rate Change..........cccccevviiieieiininiiesceeens 84
a.Base Temperature (T) .....ccooeioiie s 84
D.Open Circuit VOIAgE (VOC) ..o 85
C.Short CirCUIt CUITENT (ISC) ..vveveiieiieecie et ere s 86
5.3.3 Performance and Efficiency of the PV/T Combine System with Water and Air
aS @ CO0ING FIUI ..o s 88
5.3.3.1 Influence of Water Mass Flow Rate 88
a. Electrical EffICIENCY .....ocvoiieice e 89
C.Thermal and Overall EffiCIENCY .......ccooviiiiiiicccce e 90
5.3.3.2 Influence of Air Mass FIOW RALE .........ccccoviiiiiiinieicieee e 92
a.Electrical EffICIENCY ...cc.ooviiice e 92
b.Thermal and Overall EffiCIENCY ......ccocoviiiiiicccc e, 93
5.3.4 PhotoVoltage Thermal PV/T Combine System with Air and MWCNT-
nanofluid as a Cooling FIUId ..........ccoeoi e 94
5.3.4.1 Influence of MWCNT- nanofluid Mass Flow Rate Change..............ccccoc..... 95
a. Base Temperature (Th).......cooiiriniii e 95
b. Open Circuit VOIage (VOC) ...coviiieeiiiie ettt 96
b.Short Circuit CUITENt (ISC) ...vveive et 96
5.3.4.2 Influence of Air Mass Flow Rate Change..........cccccovvviieiiiiiiciic e, 98
a. Base Temperature (Th) ... 98
b. Open Circuit Voltage (VOC) ...ccoiiiiiiiiiieieiee e 99
C.SOrt CirCUIt CUITENT (ISC) ..ouveviieiiieieeiieie e 100
5.3.5 Performance and Efficiency of the PV/T Combine System with MWCNT -
nanofluid and Air as a Cooling FIUId ...........ccccooiiiiiiii e 102

xi



5.3.5.1 Influence of MWCNT-nanofluid Mass Flow Rate Change............ccccceeunee. 103

A.EleCtrical EFfICIENCY ......oiiiiiie e e 103
a.Thermal and Overall EffiCIENCY .......ccooviieiiiieiieece s 104
5.3.5.2 Influence of Air Mass Flow Rate Change..........ccccceevvviereiieneenie e 105
a.Base Temperature (Th) ..o s 105
b. Thermal and Overall EffiCIENCY ........ccooiiiiiiiiiieeee e, 106
5.4 Energy and EXergy ANalYSES .....c.ocviiveiiiieiiesie e 108
5.4.1 Effect of Change Masses Flow (Water, MWCNT -nanofluid ) on Power

(C1C 0T =[] o ST 108
5.4.1.1 Effect of Change Masses Flow (Water, MWCNT-nanofluid ) on Power
Generation at Constant Air Mass FIOW ........cccoooiiiiiiiiiiiieceec s 108
Q. EIECIIICAI POWET ...t et 108
D. TREIMAI POWET ...ttt enes 110
5.4.1.2 Effect of Air Mass Flow Change on Power Generation ..............cccccccvennne. 112
Q. EIECHIICAl POWET ...t 112
D. TREIMAI POWET ... bbbt 113
5.4.2. Effect of Changing Masses Flow on Exergy Generation for PV/T Combine
)] (=] . PP PRTPRURRTI 115
5.4.2.1 Effect of Changing (Water, MWCNT-nanofluid ) Mass Flow on Exergy

(C1= 0T =[] o SR 115
A.EIECHIICAl EXEIQY ....oiiiciiiiiece ettt et 115
D.THEIMAL EXEIQY .vviieeiecece ettt ae e 117
5.4.2.2 Effect of Air Mass Flow Change on Exergy Generation.............c..ccccveunenne. 118
A.EIECHICAl EXEIQY ....ioiiieiiiieee ettt ettt 118
D.THEIMAL EXEIQY .vviieeiece ettt re e ens 119
5.5 EXergy EffICIBNCY ...ocuviiieeece et 120
(08 T o) ] ] OSSPSR 124
Conclusions and ReCOMMENUALIONS ..........cocueiiriieiiiie e e 124
TOr FULUIE PrOJECES. .. ittt sree s 124
B-1 CONCIUSIONS ...t 124
6-2 Recommendations for FULUIe ProJECtS........cceiiiieeiiie i 125
B E (=] €57 00T SO STSS SRR 126
LIST OF APPENDICES.......cc oottt 132

xii



LIST OF FIGURE

Figurel -1 solar power applications [3]........ccooueirrieiiiirinerieeee e 1
Figurel- 2 Classification of PV/T SyStems [3] .....cccooeiiiiniiiiiiieeeee e 2
Figurel- 3 Photovoltaic PV panel application [7] ........cccccoiiiiiiiiiiiceeceeee 3
Figurel- 4 Categorized of the PV/T SyStem[12]........ccccooiiiiiiniiiieie e 4
Figure 2-5 Different cooling channel location [19]. .....c.cccceeviieiiieiicccceee e 13
Figure 2-6 Aluminum honey comb [20]. ......ccoviieiieiiiieseee e 14
Figure 2-7 PVIT hybrid air system for drying application [21]........cccccovevviiiervenene. 15
Figure2- 8 PV/T and solar system with flat plate [22].........ccccooiiveiiieiciicecee 16
Figure 2-9 (a) PV/T with direct pass,(b) PV/T with spiral pass,(c) PV/T with web
PASS[24] ...ttt bbbt bbbt 17
Figure 2-10 PV/T with sheet and tube thermal exchanger[25]...........cccccoovririininnnnne. 17
Figure 2-11 PV/T with rectangular channel tube [6] ..........ccoovieiininiiiiiicee 18
Figure 2-12 PV/T with sheet and tube thermal collector [26]. .........cccccevvevviiiinenenne. 19
Figure 2-13 PV/T with separation fIOW[1]........cccooveiiiiiiiiieic e 20
Figure 2-14 PV/T with PCM and copper pipes [30].....ccccvveriivieiiieiiiieieeie e 22
Figure 2-15 Cross section view of PV/T with PCM [33] ..o 24
Figure 2-16 PCM paraffin wax with PV/T and serpentine flow [34]..........cccceovenenn. 25
Figure 2-17PV/T with (A), paraffin, (B) natural zeolite, and (C) stearic acid [35].....25
Figure 2-18 PV/T system with PCM and nanofluid [7].........cccccooininiiniiiicen, 26
Figure 2-19 Schematic of triple function PV/T system [12]........cccccooviiininiiiininniennn, 28
Figure 2-20 bi-fluid PV/T solar colleCtor[37].......ccccovviveiiiiiiie e 28
Figure 2-21 PV/T combination flat plate collector water and air heating system [38].
...................................................................................................................................... 29
Figure 2-22 PV/T combine with double pass air duct and water[39] ............c.cccoeueeee. 30
Figure 2-23 PV/T combine with CPC and double pass air flow [40]............ccccvennene. 30
Figure 2-24 cross-section view for dual fluid PV/T collector [41]........ccccooviviiinnnnn. 31
Figure 2-25PV/T combine (air and water) with CPC and FL [42]. .......ccccoovivnininenn. 32
Figure 2-26 Double fluid With PV/T [43]. ..ooeoieeeeeee e 32
FIQUIE3-LIMESH GENEIALION......c.veeieeeeire ettt ettt st ettt e ses e s st s e e e s eae e 42

Figure3-2 Average outlet water temperature versus with mesh face for mesh generation test43
Figure3-3 Outlet water temperatures according to different mass flow rates for the CFD

analysis results compared With [48].......ccereirireirereire st e v es e es s e ses e sns e 44
Figure3-4 Thermal efficiency with different mass flow rates for the CFD analysis results
COMPATEd WIth [48 J. . oottt sttt ettt sttt e ses e sttt ss st es s ses et sae et st snnesssae s 44
Figure3-5Energy analysis for PV/T combine system. ..o, 48
Figure3- 6Exergy analysis for PV/T combine SyStem...........coovviiiiiiiiiiiiiieieeen 49
Figure4-1Section view for PV/T combine system double duct single pass............ 52

Xiii



Figure4-2Photograph of the experimental rig setup of the PV/T combine system with

IS Al PatS. . .o 53
Figure4-3Schematic diagram of the PV/T combine system.............................. 54
Figure4-4PV panel Mono crystalline type...........oooiiiiiiii e, 55
Figure 4-5 Sheet and tube water thermal collector..................cooooiiiiiiiinn, 56
Figure 4-6 PCIM CONTAINET . ... . ittt e e 57
Figure 4-7 Double pass single duct with steel wool as (porous media).................. 58
Figure 4-8 Water PUMD. ... ..o e, 59
Figure 4-9 DC variable-speed air fan..............ccooiiiiiiiiiii e 60
Figure 4-10 Solar power meter(Pyrometer) device.............ooveiiieiiiiiiiiininnnn, 61
Figure 4-11 Anpat (AT-4532x )Data logger thermometer device........................ 62
Figure 4-12 Anemometer (AR-836) deVICE...........coviiiriiiiiiiiiieee e, 62
Figure 4-13 AM-4206M Flow meter deViCe.........oovvviiriiiiiiiiiii e, 63
Figure 4-14 (CT-9830) Clamp Meter DeviCe. .........coviviiriiiiiiiii i, 64
Figure 4-15 Power SUpply D.C. DeVICE........ooviiriiiiiie e 64
Figure 4-16 Variable Resistance Load...............ccooiiiiiiiii e, 65
Figure 4-17 K-type Thermocouples. .......o.oeiuiiritiiiiiie e, 66
Figure 4 -18 heat SINK SQUEEZET. .......viviii i 66
Figure 4- 19 Aluminum conductive heatbar..................cooiiiiiiiiii i, 66
Figure 4 -20 MWCNT-nanofluid preparation step.............coooeviiiiiiiiiiiinnn, 67
Figure5-1 Change in base temperature (Th) with different pipes diameter and number
0] 8 0= PP 71
Figure5-2Change in outlet water temperature (Tout) with different pipes diameter and
NUMDET OF PIPE ..ttt e 72
Figure5-3 Temperature distribution for the optimum design ...........cccceeevevviievvenee 72
Figure5-4 Variation in base temperature(Tb) with different volume flow rate........... 74
Figure5-5 Variation in outlet water temperature (Tout) with different volume .......... 75
Figure5-6Variation in short circuit current (Isc) with the base temperature (Tb) ....... 77
Figure5-7 Variation in open circuit voltage (Voc) with the base ...........c.ccocvvvvivenn, 78
Figure5-8 Variation in maximum power (Pmax)for PV module..............ccccoovrnnnnn, 78
Figure5-9 Variation in base temperature(Tb) under different solar radiation and water
A N 1 0 S SPR 81
Figure5-10 Variation in open circuit voltage(Voc) under different solar radiation and
Water Mass FIOW At .......cc.oviiiii s 82
Figure5-11 Variation in short circuit current (Isc) under different solar radiation and
Water Mass FIOW FaLe .......cc.oiiiii e 83
Figure5-12 Variation in base temperature(Tb) under different air masses flow and
101 T =10 - £ ] USSR SSSRRR 85
Figure5 -13Variation in (Voc) under different air masses flow and solar radiation....86
Variation in (Isc) under different air masses flow and solar radiation 14Figureb-......87
Figure5-15 Change in electrical efficiency (nelc)with different water mass flow and
Various SONAr IMTAAIANCE .........coviiiieee e et 89
Figure5-16 Variation in total thermal efficiency with different solar radiation and
Water MASS FIOW FALE .......ooiieiie e 90
Figure5-17Variation in overall efficiency with different solar radiation and water
MASS TIOW FALE ..ottt e sreenreeneesreenne e 91

Xiv



Figure5-18Variation in electrical efficiency with air mass flow rate increase ........... 92
Figure5-19Total thermal efficiency under different solar radiation and air mass flow

Figure5-20 Overall efficiency under different solar radiation and air mass flow rate.94
Figure5-21 Various in base temperature (Tb) with MWCNT-nanofluid mass flow rate

...................................................................................................................................... 95
Figure5-22 Variation in (Voc) with various mwcnt-nanofluid mass flow rate ........... 96
Figure5-23 Variation in (Isc) with various MWCNT-nanofluid mass flow rate......... 97
Figure5-24 Variation in (Tb) with different air mass flow rate and solar radiation ..99
Figure5-25 Variation in (Voc) with air mass flow rate...........cccccocvveveiieiicie e, 100
Figure5-26 Variation in (Isc) with air mass flow rate...........ccccccovviveveiiciicnecenn, 101

Figure5-27 Change in (nelc) with different MWCNT -nanofluid mass flow rate....103
Figure5-28 Total thermal efficiency (nth,tot ) with different MWCNT-nanofluid mass

L0 =L USSP 104
Figure5-29 Overall efficiency with different MWCNT- Nanofluid mass flow rate..105
Figure5-30 Variation in (nelc) with different air mass flow rate............ccccevevveinennenn 106
Figure5-31 Variation in (nth,tot) with different air mass flow rate ...........c.cccocvenee. 107
Figure5-32 Variation in (nOV) with different air mass flow rate..........c.cccccevvrvennenn 107
Figure5-33 Electrical power generation under different water mass flow rate ........ 109
Figure5-34 Electrical power generation with different MWCNT-nanofluid mass flow
L5 T OO TP UP TP PPR PP 109
Figure5-35Thermal power generation with different water mass flow rate .............. 110
Figure5-36 Thermal power generation with different MWCNT-nanofluid mass ....111
Figure5-37 Electrical power generation with different air mass flow rate................ 112
Figure5-38 Electrical Power generation with different air mass flow rate................ 113
Figure5-39 Thermal power generation with air mass flow rate.............cc.ccccvevenneen. 114
Figure5-40 Thermal power generation with different air mass flow rate................. 114

Figure5- 41 Electrical exergy generation with different water mass flow rate........ 116
Figure5-42 Electrical exergy generation with different MWCNT-nanofluid mass flow

L5 TS TP U PR PPPR PP 116
Figure5-43 Electrical exergy generation with different air mass flow rate ............... 118
Figure5-44 Electrical exergy generation with different air mass flow rate ............... 119
Figure5-45 Exergy efficiency variation with water mass flow rate and solar ........... 120
Figure546 Exergy efficiency variation with MWCNT-nanofluid mass flow rate and
101 E = (o [ -1 4 o] o FO ST P PRSP 121

Figure5-47 Exergy efficiency variation with air mass flow rate and solar radiation.122
Figure5-48 Exergy efficiency variation with air mass flow rate and solar radiation.122

LIST OF TABLES

Table 2.1. Show the summery of the references studied PV/T system ..........cccc....... 15
Table 3-1 Different suggestions for PV thermal water collector design .................... 41
Table 4-1 Characteristics of the MWCNT-nanoparticles ..........ccoovverirenencneeiennn, 67

XV



Table 4-2 PhotovoltaiC SPECITICALIONS .........cccevieiiiieiieie e 55

Table 4-3 PUMP CharaCteriStiCs ........cccoiiririniiieieeie et 59
Table 4-4 characteristics of pyrometer deVviCe. ..., 61
Table5-1Thermal distribution gained from the simulation results for different
(o10] | [=Tot (o) o [=1S] o | SO USSSURPSRRPR 73
Table 5-2 Thermal distribution for optimum design gained from the simulation results
by changing the FIOW Fate............ccceiieii i 75
Table 5-3 Specifications of PV module with various solar radiation ...............cc.c....... 79
Table 5-4 Characteristics of PV/T Combine System with Water and air for different
Solar Radiation and at W = 0.05K0/S .......cceeiieriiiiiriiiee e 83
Table 5-5 Characteristics of PV/T combine system at raw = 0.05kg/s and 1200 W/m2
0] Fo T o [ LA o]  FO SRS PRSP 87
Table 5-6 Change in electrical efficiency with base temperature under different solar
...................................................................................................................................... 89
Table 5-7 Performance of PV/T combine system for different solar radiation at mw =
0.05KG/S ..ttt 91
Table 5-8 Performance of PV/T combine system for different solar radiation and at
W = 0.05KO/S. .t 92
Table 5-9 Performance of PV/T combine system at 1200W/m2 solar radiation and
constant water mass flow mw = 0.05kg/s, with different air mass flow..................... 94
Table 5-10 Characteristics of the PV/T combine system with mwcnt-nanofluid and air
under different solar radiation at mmwcent = 0.05Kg/S.........ccceveieeieiie i, 97
Table 5-11Characteristics of the PV/T combine system with mwcnt-nanofluid and air
under 1200W/m2 solar radiation at mmwcnt = 0.05Kg/S.......c.covveveiieieeieiec e 101
Table 5-12Variation in base temperature (Tb) and electrical efficiency under different
solar radiation and MWCNT-nanofluid mass flow .........c.cccooeveiiiiieiccnccc e, 103
Table 5-13 Performance of PV/T combine system under different solar radiation and
at constant mMMWCNT = 0.05K0/S ....oveiiiiiiiiiieee e 105
Table 5-14Performance of PV/T combine system under different solar radiation and
MWCNT-nanofluid mass fIOW rate ...........cooeeieiiiiniice e, 106
Table 5-15 Performance of PV/T combine system under different solar radiation and
constant MWCNT-nanofluid at 0.05Kg/S.........c.ccoveveiieiiieiiie e 108

Table 5-16 Power analysis for PV/T combine system with MWCNT-nanofluid and
PV/T combine system with water and PV module at rma=0.0244kg/s and at solar
radiation 1200 W/M?Z .........ooieieeeeceeee e en sttt 111
Table 5-17 Power analysis for PV/T combine system with MWCNT-nanofluid and
PV/T combine system with water and PV module at m = 0.05kg/s and at 1200 W/m2
101 E g = To [ -1 4 o] o FO OSSP PR TSRS 115
Table 5-18 Exergy analysis for PV/T combine system with MWCNT-nanofluid and
PV/T combine system with water and PV module at ma = 0.05kg/s and at 1200
W/M2 SOIAr FAAIALION. ......eivieiieie et reenaesneenrees 117

XVi



Table 5-19 Exergy analysis for PV/T combine system with MWCNT-nanofluid and
PV/T combine system with water and PV module at maw = 0.0504kg/s and at 1200
W/M2 SOIAr FA0IATION. ..o 119

XVii



NOMENCLATURE

Symbol Definition Unit

A Area m?

D Diameter m

T Temperature °C

I Current A

R Resistance Q

G Solar radiation W/m?

E Energy rate W

m Mass flow rate Kgls

Cp Specific heat at constant pressure J/kg.°C

Ex Exergy rate W

FF Fill factor of the PV module -

PF Packing factor of the PV module -

N Number of the cells -

Qu Rate of the thermal power of the PV/T system W

|4 voltage of PV module \/

S Absorbed solar energy W/m?

UL Overall heat loss coefficient W/m?°C

Fr Flow rate factor -

m Mass Kg

k Thermal conductivity W/m. K

GREEK SYMBOLS

Symbol Definition Unit

o Transmittance of glass

Tpv Transmittance of Photovoltaic PV

M efficiency %

Br The temperature coefficient of the cell efficiency | 1/°C
(usually 0.004-0.005 )

® volume fraction %

p Density Kg/m3

u Dynamic viscosity Pa.s

XViii




SUBSCRIP

Symbol Title
e Short circuit

mp maximum power
Voc Open Circuit Voltage
in inlet

out outlet

loss losses

elc Electrical

th Thermal

ov Overall

a Air

w Water

c cell

m module

b Base

S Surface

ref Reference at STC

np nanoparticles

nf nanofluid

bf base fluid

XiX




CHAPTER ONE

INTRODUCTION

CHAPTER ONE
INTRODUCTION

1.1 RESEARCH BACKGROUND

Any country's economy and prosperity progress are heavily reliant on

energy. Fossil fuels provide a large portion of the world's energy [1]. The world

continues to use fossil fuels to generate energy and increase energy consumption with

increased demand, and the growing concern about environmental issues. It becomes

necessary to find alternative sources for generating electrical energy from renewable

energy sources [2]. Solar power is an important factor in clean energy and it is a

promising solution to energy consumption problems. There are three main

applications for solar

power, photovoltaic (PV) Panel

application, solar thermal

collector application and photovoltaic-thermal (PV/T) system application [3], as

illustrated in Figure 1-1 .

Photovoltaic

Photovoltaic/thermal

ciy Heat

Thermal collector

Heat

Figurel -1 solar power applications [3]

Photovoltaic PV panels transfer sunlight to electricity, solar thermal collectors

generate heat from sun power and PV/T systems able to production electricity and

heat from sunlight by integrating the thermal collector and photovoltaic application.
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PVIT systems can be classified into various division attributed: structure or thermal
transfer medium. Depending on the structural PV/T systems, they can be classified
into: flat plate, concentrating, and building, combined modules, and into: air-based,
water- Dbased, heat pipe-based, phase change material (PCM)-based and
thermoelectric-based systems according to thermal extraction medium [3], as shown
in 1-2.

Heat extraction method

_ 4 Aur-based
Flat plate
«  Liquid-based
Concentrating ' Photovoltaic/thermal |~ Teal pipe-based
1 PCM-based
Building-integrated ' | Thermoelectric-
based

Figurel- 2 Classification of PV/T systems [3]
About 20% of the solar radiation falling on the photovoltaic PV panels is

converted into electrical energy, while the remaining part is converted into heat. The
temperature of the photovoltaic PV panel rises as a result of the heat created by the
module, resulting in a considerable reduction in electrical efficiency. In addition to
lowering module electrical efficiency, higher generated temperatures in PV modules
can harm the module's structures, resulting in thermal damage stresses [4]. As a result,
PV panel cooling is required. This may be accomplished by integrating thermal
collectors with photovoltaic PV panel in the same unit which is able to cool down it
by extracting their heat [5]. This combining of the photovoltaic PV panel and thermal
collectors has the ability to produce both thermal and electrical efficiency from the

same unit. This is the most efficient way of using solar energy [6].

1.2  Photovoltaic (PV) Panels

Photovoltaic (PV) panels are parts of a solid nature configured from semi-

conductor materials and have ability to transfer solar power, directly to electricity.

2
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They work without sound and without harmful emissions [7]. The electric

potential difference is generated as soon as the solar radiation falls on the surface of
the PV panels and the electrons move as a result of their absorption of the photon
energy as shown in Figurel-3.

PV panels are able to convert (13 - 20) % from solar radiation to electrical

output, while the remaining part of the incident radiation is converted into heat
leading to an increase in cell temperature. The electrical productivity of the cells

decreases when the temperature becomes higher than 25°Cto 27°C. It is estimated that
the electrical productivity decreases by (0.4 - 0.65) % when the PV panels
temperature increases by 1°C. Continuous rise in temperature affects the internal

structure of photoelectric PV panels and increases thermal degradation [7].

Electron\{
Flow

o © & - 3
%glg__\b_
Er il &
td
llHole”
Flow

Figurel- 3 Photovoltaic PV panel application [7]

1.3 Photovoltaic Thermal (PV/T) System
The process of combining the solar photovoltaic PV applications with the

solar thermal applications in the same module is known as the photovoltaic thermal
(PVIT) hybrid system. This combination produces not only electricity but is also
capable of producing thermal energy, it reduces manufacturing cost, and it occupies a
little space, lowers the temperature of the PV. This contributes to rise its efficiency
[8]. PV/T can be categorized into air-based PV/T system, water-based PV/T system

and combine (air-water) PV/T system [9], as shown in Figurel-4.
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PV/T system

PV/T (air- based) PV/T (water —based) | | PV/T Combine (air-water)

Figurel-4 Categorized of the PV/T system[12]

1.3.1 Air-based PV/T System

It is the result of uniting solar air thermal collector system with PV panel,

defined as PV/T air based system. Air acts as a heat transfer medium that absorbs heat
from the bottom surface of the PV panels. This contributes to lowering its

temperature and raising the electrical energy produced. The useful heat energy is
released as hot air that can be used in other thermal applications such as drying
purposes as drying grains and heating. For this system, both the thermal and electrical
efficiency can be improved by adding modifications to the air duct such as adding
porous media and thin sheets from metallic[10].

1.3.2 Water-based (PV/T) System

It is the result of uniting of solar water thermal system with PV panel in the
same unite, defined as photovoltaic thermal PV/T water-based system. Compared to
PV/T with air employed systems, the PV/T with water employed systems have the
ability to extract high thermal attributed to its high conductivity of water. Passing
water under the solar panel works to draw heat from and contributes to lowering its
temperature, leading to increase in the electrical efficiency. The heat extracted from
the bottom surface of the PV panel comes out in the form of hot water that can be
used in various thermal applications such as household uses. It is possible to combine
PV/T, water with the solar distiller to obtain safe drinking water in addition to thermal

and electrical benefits [10].
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1.3.3 PV/T Combine System

It is combination of a dual-fluid heat exchanger with a photovoltaic panel,
defined as PV/T combine system. Air and water both are employed as heat exchange
fluid. This system is not only able to generate electricity but it also can
simultaneously produce hot air and hot water by having two types of thermal collector
mode in one system. The temperature of PV panel will be decreased and cell
efficiency would be of higher enhancement. Depending on the energy needs and
applications, the employing of both fluids also generates a higher range of thermal
applications. The improvement system by integrating both type of heat transport mode
is to be desirable, for the best performance of PV/T technology and for getting higher
efficiencies. The integration of two systems is to cover the determinants and
weaknesses of separate PV/T water and air thermal collector systems. In terms of
cost, the integration as one unit system displays reduction structure cost and shows
less payback time period[11].

1.3.4 Phase-Changing Materials Based PV/T System

The temperature of the bottom surface of the photovoltaic PV panels reaches
from 20°C to 70°C. The addition of PCM as energy storage materials, that draw a
larger amount of heat during the phase shift, contributes to lowering the temperature,
increasing the efficiency of the PV panels, reducing the heat loss to the external
environment and working to increase the processing time with thermal energy to the
thermal transfer fluid when the sun is setting or not available. PCMs are classified

into organic fatty acids, inorganic salt hydrates and eutectics [12].

1.4 Aims of Research

The aims of this study is to enhance the performance of photovoltaic PV panels
and increase its productivity of electrical energy by integrating it with two types of
thermal collectors (water and air) with mult-additives such as PCM, porous medium
and nanofluids. All of these together work to extract the largest amount of heat,
which leads to a reduction in the temperature of the PV panel. It is also possible to

benefit from the heat energy extracted in the form of hot water and air in thermal
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applications, such as using hot water for domestic purposes and hot air for drying

purposes.

1.5 Objectives of Research

The objectives of this work are:

1- To develop numerical models of the photovoltaic thermal water collectors
(PVIT) with various absorber configuration (pipes diameter and number of
pipes)

2- To design and assemble the PV/T combine system, with PCM, porous media
and nanofluids.

3- To investigate the using MWCNT-nanofluid instead of water with air as
cooling fluid on the electrical and thermal performance of the system.

4- To analysis the Exergy and performance for both PV/T combine

system with air and water as cooling fluid and PV/T combine system with air
and MWCNT-nanofluid
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1.6 THESIS OUTLINE

This thesis is outlined in the following order:

Chapter One introduces the study (brief discussion of the importance, potential

of solar energy and some solar technologies), aims and objectives.

Chapter Two discusses the background of the stages of development of photo
voltage thermal PV/T solar collector system, PV/T air-based system, PV/T water-
based system, PV/T-PCM based system and PV/T combine with (air and water)
system, and the effect of additives on improving the performance of the system such

as phase-changing materials, porous media and nano-fluids.

Chapter Three details the numerical analysis. It mainly concentrates on
numerical PV/T water model; CFD analysis, modelling process, energy balance
analysis of PV/T collector, physical model, and boundary conditions, exergy and
entropy analysis for PV/T combine system and governing equation

Chapter Four will provide an overview experimental setup, the measurements,
and data acquisition system and error analysis. Measurements of the thermo-physical
properties of the nano-fluids will be provided as well.

Chapter Five presents the research questions, and revisits the aim and objectives of
the study, followed by conclusion for the work, suggestions and recommendations for
future work which are in Chapter six.
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CHAPTER TWO

LITERATURE REVIEW
2.1 INTRODUCTION

The operating temperatures of PV cell raise the conversion efficiency from
solar energy to electricity reduced ,combining a solar thermal collectors with PV
panels in the same unit known as photovoltaic thermal PV/T system this addition

process can reduce the operating temperature and improve the system efficiency.

2.2 PVIT WITH Air-Based System

PVIT air-based systems have a pass of air up or down for exchanging the
temperature of the PV panels by permitting convection natural or forced air.
Circulation of air is able to exchange heat from the absorber plate of the integrated air
pass to the beneath of the PV panels to lower the PV temperature and contribute to its

cooling.

Srinivas and S. Jayaraj (2013)[13]. Experiments were carried out on a
novel design of double pass hybrid PV/T solar air heater with slats (DPHSAH), where
air enters from the top channel and exits from the bottom channel as shown in2-1. It
has been discovered that using slats as an essential element of the absorber surface is
critical for achieving higher efficiency. In this situation, the hybrid PV/T solar
collector's thermal and electrical output improved significantly. The immediately
overall exergy and overall energy efficiency of the (PV/T) hybrid with double pass air

solar thermal system ranged from14-17% and 29 — 37% respectively
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Figure 2-1 Double pass hybrid (PV/T) solar air heater with slats[14]

Mohd Yusof et al (2013)[14]. They made a comparison between three
different designs of heat exchanger for photovoltaic-thermal (PV/T) air-base solar
collector, V-groove, honeycomb and stainless steel wool. Heat exchangers were
horizontally placed in the PV module's back side channel 2-2. The system was tested
at mass flow rate ranging from 0.02 kg/s to 0.13 kg/s at 828 W/m? solar irradiance.
The highest thermal efficiency of the system was discovered at a mass flow rate of
0.11 kg/s. where it reached to 87% with honeycomb, 86 %with stainless steel wool
and 71% with V-groove. The system's electrical efficiency was 7.13%, 6.88% and
7.04% respectively. The results of the experiments revealed that the honeycomb

design is the most effective heat exchanger design.
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Ve-groove heat
exchanger

Photovoltaic module

Heat insulator

Casel

Honeycomb heat
exchanger

Photovoltaic module

x

~
Heat Insulator

Case?2

Case3

Figure 2-2 Three varies structure of the (PV/T) air system ,Casel V-groove,
Case2Honeycomb, Case3 Steel wool[15]
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Karima and Mustafa (2014)[15]. It was a comparative study between three
varies structure of hybrid photovoltaic thermal collectors casel (single pass single
duct), case 2 (double pass single duct) and case 3 (single pass double duct) to Iraq
weather conditions, as shown in Figure 2-3. The mathematical model has been
developed and solved by a Matlab computer program. The overall efficiency of
module case 3 from the obtained results indicated larger than that of case 2 and case
1, and case 1 had the best electrical efficiency. The lower pressure reduction was

achieved in case 3 as compared to casel and case 2.
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Figure 2-3 Three various types for (PV/T) air system [16].

M.Omer and Zala (2017)[16]. The effect of using porous media was checked
on the effectiveness of a hybrid PV/T with a double pass air collector. The hybrid
solar air thermal collector has two air path upper and lower the PV panels, and the
lower filed with porous media. The performance of the system was compared with
another hybrid PV/T system without porous media and class cover. The results
showed that the amount of increase in the compound efficiency was 3% for hybrid
PV/T with porous media. The maximum value for the daily thermal efficiency was
80.23% for collector with porous media and glass cover, while the maximum amount
of thermal efficiency was 51.25% without porous media and glass cover.

Ahmad Fudholi et al (2019) [17]. They experimentally and theoretically
studied a PV/T system with air collector which had absorber plate with V-corrugated
shape, as shown in Figure 2-4, to predict air outlet and photovoltaic (PV)
temperatures performed of the PV/T air collector at steady-state energy analysis. Both
the experimental and theoretical results are close to each other; 3.75% and 5.49%
represented the percentage errors between the theoretical and experimental study for
air outlet and PV temperatures, where 13.36% and 12.89% represented the exergy

efficiency for the PV/T with a V-corrugated absorber plate air system.

12



CHAPTER TWO LITERATURE REVIEW

Figure 2-4 V-corrugated absorber plate air system [18].

Shuang-Ying Wu(2019) [18]. They evaluated the properties of thermoelectric
and heat exchange efficiency for the cooling channel location of PV/T air-cooled
systems which were studied numerically. Two structure locations were considered,
casel cooling duct upper the PV panel and case 2 lower the PV panel, as shown in2-
5. The influences of internal, radiation on the system efficiency in the cooling duct is
found to be greater in case 1 than in case 2. For two case systems the magnitude and
variation pattern of the Nusselt convective number on PV panels are almost the same.
The air inlet temperature for casel and case 2 was obtained to 298.15 K and 295.65 K
for maximum overall efficiency for the system. Casel was preferred from the

perspective of the amount of energy supplied.

Stable section

Stable section

Bottom wall

Insulation layer Insulation layer

Casel Case2

Figure 2-5 Different cooling channel location [19].
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Yan Zhao et al (2020) [19]. They built and analyzed a PV-driven aluminum
honeycomb solar air collector by numerical and experimental study, as shown in 2-6.
The structure of a honeycomb progress to the collector to form the large surface area
for heat exchange experimentally testing the system with irradiance of 200 W/m? to
600 W/m? and PV coverage ratio of 15%, 30%, 45%, 60%, 75% and 90%. From the
analysis of thermal behavior to the system, it was noticed that the well-designed PV
configuration integrated with honeycomb solar air collector would be able to suitable
improve of the thermal efficiency with different of experimental conditions, with the

45% PV coverage ratio. The maximum immediate efficiency was reached 64%.

Aperture 6mm

Figure 2-6 Aluminum honey comb [20].

Abdullatif et al (2020)[20]. They studied the behavior of a double-flow
Photovoltaic-thermal (PV/T) hybrid air system employment for drying application
theoretically and experimentally, as well as the module is structured and fabricate as
seen in 2-7. The hot air outlet from the PVT collector can be employed as a source of
heat for the drying process. The results showed that with lesser mass flow rate of
0.017 Kkg/s detected the higher production air temperature reached to 63 C. and
electrical, thermal and overall maximum efficiencies with higher mass flow of
0.031kg/s was 12.65 %, 56.73% percent and 85 % respectively. Furthermore, at 0.031
kg/s, the optimum electrical power and thermal energy reached to 50.57 W and
389.37 W.
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OQutput alr (chimnaey) qus; cover

Dryer chamber

Inlet air from PVT
system to dryer

/

Input air to PVT
system

Figure 2-7 PV/T hybrid air system for drying application [21].

2.3 PVIT With Water-Based and Nano-fluid Based System

PV/T water-based systems were the result of an addition of solar water
thermal system to PV panel in the same unite, compared to PV/T, air employed
systems. The PV/T with water employed system has the ability to extract high thermal

attributed to its high conductivity of water.

Afroza Nahar et al (2017)[21]. They experimentally and numerically
evaluated the PV/T module with parallel thermal plate without plate in collector
absorber which has been directly connected to the PV backside of module by using
thermal paste only, as shown in 2-8. The numerical analysis was validated with
experimental results under different operating weather conditions. The result indicated
that the PV/T thermal performance without plate in the system absorber was best
performance than the system absorber with plate, both inlet and temperatures of
ambient kept at the same value about 34°C and radiation level was 1000 W/m?. The
highest overall, efficiency of PV/T module achieved was 80%, and 84.4%

respectively, by numerical and experimental values.
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Figure2- 8 PV/T and solar system with flat plate [22].

Arash Kazemia et al (2019) [22]. They offered experimentally the influences
of the glass cover and cooling fluid on photovoltaic thermal PV/T system. To perform
the experiments, two similar photovoltaic thermal modules: one with glass cover and
one without glass cover. They are structured and constricted, with three different
working fluids consisting of ethylene glycol, water and 50% water ethylene glycol
(EG)/water combine. Energy and energy analyses are carried out to investigate the
thermal and electrical, efficiencies for PV/T system. The results showed that
employing combine 50% EG/water as cooling fluid had best combine energy and
exergy efficiency and reduction freezing temperature, compared to those of EG
employed. For cold climate conditions, 50% EG/ water combine is recommended as a
best cooling fluid. Also, for more extensive results, the electrical efficiency of PV/T
system, without glaze is larger than that of PV/T system with glaze. The unglazed
PV/T is best chosen when electrical energy is only required. But, if a higher overall
energy efficiency is required, the glazed PV/T system is preferred.

Hussein A. et al (2020) [23]. They evaluated three variable collector’s types
for PV/T module with water cooling system direct, Web and Spiral, as shown in the 2-
9.Studied and analyzed in terms of electrical performance relative to conventional PV,
with 40 kg/h flow rate of water. The suggested systems have lowered the average
temperature of the cells by 3°C. The spiral pass collector achieved the better

efficiency, compared to direct, and web, pass collectors.
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(a) (b) (c)

Figure 2-9 (a) PV/T with direct pass,(b) PV/T with spiral pass,(c) PV/T with web
pass[24]

Wei Pang et al (2020)[24]. They studied experimentally the behavior of
hybrid sheet-tube PV/T module with two different indoor laboratory conditions,
closed and ventilated air circulation, combined with different mass flow rates. The
research results have shown that the influence of environmental conditions on PVT
module output is more significant than mass flow rates. Every calculated electrical
efficiency, thermal efficiency and electrical energy of PV/T module was raised with
these two environmental conditions. Also, the electrical efficiency for PV/T module
with the conditions for ventilated air circulation were higher than those for closed

conditions, as seen in Figure2-10.

Si PV cells Tempered glass
PV Module | | e— S— S— TP'I/'\
Thermal [ Fm———x= S =N}
Collector > O A .Q OZ NN TCA
‘ T “_* Absorber
Copper tubes * Insulation

Figure 2-10 PV/T with sheet and tube thermal exchanger[25].

Poor thermal conductivity of the cooling fluids has constantly been the main

limitation in the evolution of fluids with high efficient heat transfer energy and higher

17
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collector effectiveness. This is to remove this limitation and produce heat transfer
fluids with higher thermal conductivity suspended nanoparticles with higher
suspension stability, as compared to the micrometer or millimeter size nanoparticles.
This new production fluid, called nanofluid, is for heat transfer. Thus, by using

nanofluids, the heat transfer characteristics will be improved.

Ali Najah et al (2016)[6]. They investigated the behavior of photovoltaic
thermal PV/T system with specially designed rectangular channel absorber, made
from (stainless steel material), with dimension of 15 mm in height , 25 mm in width
and 1mm in thickness joined to the pack side of photovoltaic module, as shown in 2-
11. PV/T system was tested experimentally with difference types of (SiC, SiO2, and
TiO2) nano-fluid. With 0.170 kg/s in flow rate of and 1000 W/m? radiation intensity,
the results showed that SiC nano-fluid achieved best additions for photovoltaic,
thermal, and PV/T efficiency, reaching to 81.73% and 13.52% in electrical efficiency
followed by PV/T with TiO2 nanofluids, PVT with SiO2 nanofluids, and PV/T with

water based system.

Figure 2-11 PV/T with rectangular channel tube [6]

Mohammad Sardarabadi et al (2017) [25]. They experimentally analyzed
the impact of employing nano-fluids consisting of metal-oxides and water as working
fluids on a Photovoltaic thermal PV/T system with sheet and tube heat exchanger.
They considered three nanoparticles containing (ZnO, Al>03, and TiO2) with 0.2 wt%,

and water as the working fluid flowing inside the collector with 30 kg/h constant flow
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rate. The experiments were done at certain days in August and September. The
measured information is inspected with energy, exergy points of view and generation
of entropy. Compared to the other systems, the experimental result showed that the
highest overall, energy and exergy, efficiencies for PV/T with ZnO and PV/T with
TiO, systems, and the overall exergy efficiencies for the systems of PV/T with water,
PVIT withTiO2, PV/T with Al2Os3, and PV/T with ZnO were improved by 12.34%,
15.93%, 18.27% and 15.45%. Also, the PV/T with Al,O3 system with respect to the
PV panels with no collector, has better improvement in entropy, production, as shown
in 2-12.

Figure 2-12 PV/T with sheet and tube thermal collector [26].

Ali Najah et al (2018)[26]. They performed three rounds of tests. Firstly, the
best structure of sheet - tube thermal collector has been specified employ water as the
thermal exchange fluid; secondly, comparing the behavior of PV/T from the portion
of difference types of Nano-Fluids ZnO, CuO and SiO2 combination with water. The
results discovered that the NF-SiO2 showed significantly an improvement as a
compared to other types of NFs and water. In addition, using NF- SiOz in the PV/T
collector decreased the PV module temperature from 65°C to 45°C and raised the
outlet fluid temperature from 35°C to 44°C, leading to an improvement in both the
electrical and thermal efficiency by 12.70% and 5.76% respectively with solar
irradiance of 1000 W/m?,

R. Nasrin et al (2018)[1]. They investigated the performance of PVT system
with Water-MWCNT nano-fluid as cooling fluid by experimental and numerical

testing at various irradiation levels from 200W/m? to 1000W/m2, weight fraction
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from 0 to 1% with constant mass flow rate of 0.5 L/min and inlet temperature32 C, by
using water cooling system. The enhanced percentage of PV performance is found as
9.2% by using nano-fluid than water. The enhanced thermal performance is gained as
4 and 3.67% in numerical and experimental studies, respectively. In the PV/T system
employ the nano-fluid at 1000 W/ m? irradiation. The numerical and experimental
overall efficiency has been found to be 89.2% and 87.65% respectively as seen in 2-
13.
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Figure 2-13 PV/T with separation flow[1].

Joo Hee et al (2019) [27]. They investigated the influence of the working
fluids such as water and (CuO/water, Al,Os/water) nano-fluids on the efficiency of
the PVT system with various flow rates of working fluid. The flow rate, which affects
the performance of the PVT system, showed the highest efficiency at 3 L/min,
compared with 1, 2, and 4 L/min. additionally. The results indicated that the PVT
system employing CuO/water as a nanofluid has increased by 21.30% and 0.07% in
thermal and electrical efficiencies, respectively, compared to the system based on
water fluid flow with no significant increase in electrical efficiency. The PVT system
using Al>Oz/water as a nano-fluid enhanced the thermal efficiency by 15.14%, but
there was no variation with electrical efficiency in both water and Al.O3/water-based

systems.

Salaheldin Alous et al(2019)[28]. They checked the effect of using multi-
walled carbon nanotubes (MWCNT) and graphene nano platelets with water as a
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working fluid with a concentration of 0.5wt% on the effectiveness of PVT systems.
Outdoor experiments were tested with volume flow rate of 0.5 L/min for the
mentioned nanofluids and distilled water as a based fluid. From energetic and
exergetic viewpoints, the results of the study have been analyzed and indicated in
terms of photovoltaic energetic conversion where the MWCNT-water nanofluid
offered the best effectiveness compared to graphene Nano platelets-water nanofluid
and distilled water. The highest thermal energetic efficiency was detected by the
graphene nano platelets-water nanofluid. Moreover, adding thermal collector with
photovoltaic module (PV) improved the overall energetic efficiency by 53.4% for
distilled water, 57.2% for MWCNT-water, and 63.1% for graphene-water. Attributed
to exergetic efficiency, the excess in overall exergetic efficiency was 11.2%, 12.1%,
and 20.6% for PVT module cooled by distilled water, MWCNT-water nanofluid, and

graphene Nano platelets-water nanofluid respectively.

2.4 PVIT With Phase Change Material (PCM)

The integration of a phase change material (PCM) as thermal storage material
with PV panels contributes to the reduction of the temperature of PV and extracts
more heat from its back side. This can improve the PV efficiency. This combination
with a PV panel was able to effectively reduce the heat loss to ambient. When the sun
set or solar radiation is less dense and unavailable, the heat stored into the PCM can
be transferred to the working fluid. This can lengthen the preparation time for the

required building [12].

Xiaojiao Yang et al (2017) [12]. They studied the employment of PCM layer
to improve the performance of the PV/T system by experimentally testing and
comparing the PV/T-PCM and PV/T systems overall energy efficiencies. Under a
controlled indoor environment with a radiation of 800 W/m? and water flow rate of
0.15 m?nh, the initially energy-saving efficiency for the PV/T-PCM system was
improved by 14%. These results show that the combination of a PCM into a PV/T

system can visibly enhance the energy effectiveness of the system.
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Sajan Preet et al (2017)[29]. They made a comparison between three various
type of PV system; convectional PV panel, water employ photovoltaic thermal system
(PVIT) with double absorber plate and water employ photovoltaic /thermal system
with (PCM). In water employ PV/T system, double absorber using one absorber plate
is attached to PV panel and second absorber plate is attached to copper pipes with the
same shape of profile as that of piping configuration as seen in Figure 2-14. Paraffin
wax RT-30 is employed as phase change material in water based PV/T PCM. The
experiment was performed at three different mass flow rates, 0.013 kg/sec, 0.023
kg/sec, and 0.031 kg/sec, and its influence on electrical and thermal efficiency has
been analyzed. The result indicated that the photovoltaic/thermal technology has

influenced the solution to extend higher electrical and thermal effective systems.

Figure2- 14 PV/T with PCM and copper pipes [30].

M.S. Hossain et al (2017)[30]. They created and improved a
photovoltaic/thermal (PV/T) with phase change materials (PCM) system, and
recorded its energy, exergy and economic performance. Lauric acid as PCM put in
leak proof aluminum foil jacket is maintained around the flow channel permitting an
extended period of thermal storage. The PV/T-PCM system has been tested at
different volume flow rates (0.5-4) liter per minutes (LPM) to obtain the best
effectiveness of the system. Highest thermal efficiency of PV/T-PCM system
achieved at 2 LPM was found to be 87.72%. Highest electrical efficiency of PV and
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PV/T-PCM systems has been detected 9.88% and 11.08% at (4LPM) respectively.
The highest improvement of exergy efficiency of PV and PV/T-PCM system has been
recorded 7.09% and 12.19% (0.5LPM) respectively, to check the feasibility of its
commercialization an economic analysis of the proposed system has also been

presented with a view.

Jiaxn zhao et al (2018)[31]. They integrated the PV system with various
PCM thickness simulated and referenced with the attribute PV system. The result
showed the main important parameter in cooling the PV temperature the latent heat
capacity and the natural convective performance of PCM. The PCM’s natural
convective heat transfer rate was 4 to 5 times higher than the conductive heat transfer
rate. The simulation result indicated that the temperature of PV can be less by up to
24.9°C when adding PCM and thence the electricity output was able to be raised by
11.02%.

Al-musaw et al (2019)[32]. They studied the influence of pure water,
SiO2/water nanofluid as coolants and (PCM) on the performance of a photovoltaic
thermal (PV/T) system numerically investigated as seen in 2-15. The simulations are
applied on two PV/T system with PCM (PV/T-PCM system) and without (PV/T
system), being studied and compared under difference Parameters such as, PV surface
temperature, thermal, and electrical efficiencies of the systems. Moreover, the results
of nanofluid as a coolant fluid are compared with those that employ a pure water.
From the results the average decreased in PV cell temperature reached to 16 °Cin the
water-based PV/T-PCM compared to that of the PV/T system. These results lead to a
raise in the thermal efficiency by 25% and 8% in the electrical efficiency. However,
employing SiO. nanofluid in the PVT/PCM system as a coolant fluid raised the
thermal efficiency by 3.51% and 10.40% (with 1 and 3 mass% mass fraction),
respectively, compared to the PV/T-PCM water based as a coolant fluid. The result of
this study indicated that the thermal efficiency of the PV/T-PCM system increased

when using phase-change material with higher melting temperature.
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Figure 2-15 Cross section view of PV/T with PCM [33]

Taher Maatallah et al (2019)[33]. They analyzed experimentally the exergo-
economic of photovoltaic thermal (PV/T) water based system with serpentine flow
type and PCM as shown in 2-16. They compared the overall efficiency of PVT water-
based-PCM and PV water-based panels with attribute PV, with different outdoor
environmental conditions, it has been recorded that the combination a PCM with
PVI/T improved the thermal and overall efficiency by 26.87% and 40.59%
respectively. Also, they compared that with an increase in electrical efficiency by
17.33% compared with attribute PV panel. It has been detected that the payback time
for the PVT-PCM water-based system is about 6 years on the overall exergy analyses,
which is 11.26% shorter compared to attribute PV panels. Also, the PV/T-PCM
water-based system has long-term lifecycle transformation efficiency evaluated with
attribute PV panel by about 27%.
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Figure 2-16 PCM paraffin wax with PV/T and serpentine flow [34].

Canan Kandilli (2019)[34]. He experimentally tested a natural zeolite used as
a thermal energy storage material combine with PV/T. The essential target of the
studded is to introduce natural zeolite as a heat storage material for PV/T systems,
cumbered with two other type such as, paraffin and stearic acid. The PV/T systems
combination with phase change materials and natural zeolite have been structured as
illustrated in 2-17. The experiment's average overall energy efficiency values for
PVIT were 33% for paraffin, 37% for stearic acid, 40% for zeolite, and 32% for
attribute PV/T systems. Also, 10, 8, and 9 years the payback period was detected for

the PV/T system with paraffin, zeolite, stearic acid, and attribute PVT, respectively.

(A) (B) (©)

Figure 2-17PV/T with (A), paraffin, (B) natural zeolite, and (C) stearic acid [35].

Ali Hassan et al(2020)[7]. They tested experimentally three various systems
consisting of PV/PCM, PVT/PCM system and PVT/PCM system integrated with
(graphene/water) nanofluid circulated through pipes inside (RT-35HC) PCM and
compared all these systems with conventional PV as indicated in 2-18.Different
volume concentrations of graphene nanoparticles were tested (0.05%, 0.1%, 0.15%).
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The flow rates were (20, 30, 40) LPM. A better enhancement is recorded with 40LPM
flow rate, and 0.1vol% nanoparticle concentration. The examined data showed that
the maximum decreased in PV temperature was 23.9°C, 16.1°C and 11.9°C in
nanofluid-used PVT/PCM system, water-used PV/T-PCM system and PV-PCM
system respectively. The higher improvement in electrical efficiency was 23.9%,
22.7% and 9.1% respectively, as compared to traditional PV. It has been found that
hybrid PV/T-PCM system with nanofluid based as compared to water-based hybrid
PV/T-PCM system recorded 17.5% higher thermal efficiency. The overall efficiency
was improved by 12%. The results showed that integrated nanofluid and PCM with

hybrid PV/T system ensure the better performance than using PCM alone.

, Glass

* Solar Cells
* Backplane

* PCM (RT35:HC)
# Tubes for nanofluids
» Silicone layer

» Aluminum Insulation

Figure 2-18 PV/T system with PCM and nanofluid [7].

Hongtao Xu et al (2020)[35]. They presented a comprehensive study of a
solar photovoltaic/thermal system combined with phase change material PV/T-PCM
system. A fatty acid was used as the PCM with temperature melting point of 37 °C. A
solar collector filled with PCM, which contained rectangular metal fins to improve
heat transfer, was used to coolant the PV. Circulation a water to improve the overall
solar energy exploitation efficiency in the PV/T-PCM system. The results showed that
the combine a PCM with solar collector could significantly reduce the temperature
alteration of the PV panel and enhance the photoelectric efficiency.
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2.5 PV/IT Combine With (Air and Water) System

It is the combination of a dual-fluid heat exchanger with a PV/T. This system
is not only able to generate electricity but it also can simultaneously produce hot air
and hot water by having two types of thermal collector mode in one system. The
temperature of PV panel will be decreased and cell efficiency has been with higher
enhancement. Depending on the energy needs and applications, the employ of both
fluids also generate a higher range of thermal applications. The improvement system
by integrating both type of heat transporter mode is to show the best performance of
PV/T technology and to get higher efficiencies. The integration of two systems is also
to cover the determinants and weaknesses of separate PV/T water and air thermal
collector systems. In terms of cost, the integration as one-unit system displays

reduction structure cost and shows less payback time period.

Jie Ji et al (2014)[11]. They proposed and constructed a new structure of tri-
functional photovoltaic/thermal solar collector as seen in 2-19.The collector is able to
produce electricity and hot air or water with each other. The employer can select the
working way readily according to their requirement. They experimentally investigated
the performance of collector under various conditions. The results indicated that the
daily thermal efficiency in the PV/T air-heating module has achieved 46.0% with and
electrical efficiency of 10.2% when the air mass flow rate was 0.042 kg/s. The
maximum increase in air temperature achieved was 20 °C during the day when the
increase air mass flow rate both daily thermal and electrical efficiencies increased. In
PV/T water-heating module, the electrical efficiencies ranged from 9.6% to 11.8% in
comparison with the performance of various types of solar collectors. The tri-
functional PV/T collector is proved to be energy-efficient in various working modes

and can be used for different applications.
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Figure2- 19 Schematic of triple function PV/T system [12].

Mohd Nazari et al (2014)[36]. They presented and improved a structure of a
photovoltaic /thermal (PV/T) solar collector integrating with PV panel with a
serpentine-shaped copper tube as the water heating collector and a single pass air
channel as the air heating collector as shown in 2-20. This module of collector can
produce both hot air and water in addition to generating electricity. The total
efficiency is increasing per unit area compared to the attribute PV/T solar collector.
The employ of both fluids (bi-fluid) also creates a higher range of thermal
applications. The simulations detected that when using single fluid air or water, the
overall thermal and electrical efficiency of the solar collector is considered as

satisfactory and when operated together the overall performance is higher.

=1 3
2 ———l ]
—_—
’ Air outlet

Air inlet

Water inlet T l Water outlet

Figure 2-20 bi-fluid PV/T solar collector[37].

M.Y. Othman et al (2015)[37]. They presented and investigated
experimentally a PV/T Combine system fabricated from two heating system; double

pass flat plat air collector and copper water tube thermal collector in terms of
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electrical and thermal efficiency as illustrate in 2-21. The experimental testing result
of the collector detected that the outlet temperature is 24.40C with air and water flow
rate is ranged from 0.02 kg/s to 0.05 kg/s when radiation level of 800 W/m?. The
average output electrical power of 145 W and electrical efficiency of the collector is
17%. The PV/T Combine system overall thermal efficiency was 70%, when the

experiment was carried for a period of 120 minutes.

Outlet air
Transparent PV cells -7

Inlet air

Water outlet

Water inlet

Collector plate

Double pass air

Insulation

Figure 2-21 PV/T combination flat plate collector water and air heating system [38].

M.Y. Othman et al (2016) [39]. They experimentally evaluated a transparent
photovoltaic (PV) modules connected in parallel so as to generate electricity with
double pass flat plat air duct and water tube attached on top and bottom of the
collector plate as shown in 2-22. The analyses of the system are calculated based on
Hottele Whilliere Bliss equation, with controlled indoor environment at radiation
level of 800 W/m?, and mass flow rate of 0.05 kg/s and 0.02 kg/s for air and water the
outlet temperature specified reading of 27.4 °C. The electrical efficiency accomplished
was 17% with average electrical power produced of 145 W and thermal efficiency

achieved was 76%.
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Figure 2-22 PV/T combine with double pass air duct and water[39]

Kamaruzzaman Sopian (2016)[40]. He theoretically and mathematically
improved structure of PV/T solar collector with CPC combined with double pass air
channel and a square stainless steel water tube as seen in Figure 2-23. Systems have
been proposed and progressed to study the performance of the combined module. The
steady-state one-dimensional energy balance equations governed the analysis. The
highest thermal, electrical and overall efficiencies generated were 53.3%, 13.26% and
88.19%, respectively at the optimum water mass flow rate value of 0.02 kg/s and 0.07
kg/s air mass flow rate. From the results of analysis, the dual pass and dual fluids
arrangement in this study were seen as favorable in order to improvement solar

energy employment.
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Figure 2-23 PV/T combine with CPC and double pass air flow [40].
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M. Imtiaz Hussain et al (2019)[41]. A mathematically modeling and a CFD
simulation have been performed for dual-fluid photovoltaic/thermal (PV/T) system by
using MATLAB® and ANSYS FLUENT® software, that employs both nanofluid and
air, to clarify the best nanofluid type for the PV/T collector. They evaluated the
difference of metal oxide nanoparticles such as (CuO, Al203, and SiO2) with various
concentrations which were sparse in the base fluid (water). The results indicated that
the CuO nanofluid with 0.75% concentration as compared to the other two nanofluids
has the highest thermal conductivity and the optimum thermal stability, the total
overall efficiency was found to be 90.3% and 79.8% for CuO nanofluid with air and

water with air respectively see Figure 2-24.

PV cells + Tedlar
.\ Tube absorber
Nanofluid
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- Baffles

Figure 2-24 cross-section view for dual fluid PV/T collector considering a single pipe
[41]

S.S.S. Baljit(2019)[42]. He proposed a photovoltaic thermal (PV/T) with
dual-fluid solar collector integrated with two types of concentrators, FL and CPC as
illustrated in 2-25. He analyzed the performance of the collector with both air and
water as the working fluids. The results display that integrating two fluids improves
the thermal and electrical efficiencies. The total thermal and electrical efficiencies
gained are 67.% and 13.02%, respectively, at water and air mass flow rates of 0.0164
kg/s and 0.0103 kg/s, respectively, and a solar intensity of 650 W/m?, and 12.40% to
13.10% various in the electrical efficiency of the dual-fluid modes and 11.00% to
12.60% for that of the single-fluid modes and 25% higher in thermal efficiency of the
dual-fluid than that of single-fluid modes.
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Figure 2-25PV/T combine (air and water) with CPC and FL [42].

Muhammad and Jun(2020) [42]. They investigated the performance of PV/T
with dual-fluid (water/air) as shown in 2-26, by energy, exergy and economic
analyses of a system, compared with a conventional PV module and single-fluid PV/T
systems. Experimentally they evaluated the daily and yearly performance of all of the
mentioned above. The results indicated that the dual-fluid PV/T systems have
significantly higher energy and exergy efficiencies than those of single-fluid PV/T
systems, by 20% and 11%, respectively, and the cost of energy is reduced by 80%,
60%, and 45% respectively, with the dual-fluid PV/T system and water and air type

PV/T systems according to local domestic electricity price.

Water ountlet

Alr outlet

Back plate Bafties

Alr inler Water inlet

Dual-flald PV/T system

Figure 2-26 Double fluid with PV/T [43].
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2.6 Summary of Literature Review

The main limitation in the employ of photoelectric PV panels to generate
electrical energy is the drop in efficiency as it temperature rises. The reason for the
low efficiency in high temperature is due to the semiconductor material from which
the photoelectric panels are made, because of the importance of PV panels researchers
have tended to find various ways to cool them. Integrated air thermal collector, water
thermal collector and combine (air and water ) thermal collector with a PV panels to
exchange heat contribute to cool it and lower the reduction in it is efficiency and

employed extracted heat energy in thermal application as illustrates in Table 2-1.
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Table 2-1 illustrate a summary of the references studied PV/T system

References

Module type

Study type

Enhancement

Electrical
efficiency

Thermal
efficiency

Overall
efficiency

[14],2013

PVI/T air double
pass with slice

experimental

29 -37%

[15],2013

PVI/T with
V-groove
stainless steel
wool
honeycomb

experimental

7.04%,
6.88%
7.13%

71%with V-
groove
86%,with
stainless
steel wool
and
87%with
honeycomb

[16],2014

PV/T with,
single -pass
double -duct,
single -duct
double- pass and
single -duct
single- pass

experimental

[17],2017

PV/T double
pass PV/T with
porous media

experimental

Increase
3%

[18],2019

PVIT air
collector with a
Vcorrugated
absorber

experimental

[19],2019

PV/T with air
duct up and
down PV

experimental

[20],2020

PVI/T air with
aluminum
honeycomb SAC

experimental

64%.

[21],2020

PV/T double
pass air

experimental

12.65 %

56.73%

85 %
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[22] , 2017

PVIT
water

Numerical and
experimental

NUM
84.4% and
EX 80%

[23],2019

PV/T water
and ethylene
glycol (EG)

Experimental

[24] ,2020

PV/Twater
with
(web,direct,
spiral)types
channels

Experimental

18.5%,
28.0% and
35.0%,

[25],2020

PV/T water
with sheet-
tube absorber

experimental

[6] ,2016

PV/T with
(Si02,TiO2
and SiC)
nanofluids
and
rectangular
channel
absorber

experimental

13.52%

81.73%

[26],2017

PV/T water
and
(Al203,TiO2
and ZnO)
nanofluid

experimental

12.34%,
15.93%,
18.27% and
15.45%,
exergy

[27],2018

PV/T with
water and
(Cu0, Si02,
and ZnO)
Nanofluid

experimental

Improved

by
12.70%

Improved
by 5.76%

[1],2018

PVIT with
Water/MWC
NT nanofluid

Experimental
and numerical

Enhance
by 4 and
3.67%
num and
ex

89.2 and
87.65%,
num and ex

[28] ,2019

PV/T with
CuO /water
nanofluid
PV/T with
Al203 /water

Experimental

Increased
by 0.07%

increased
by21.30%
and
15.14%
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nanofluid
57.2% for
PVI/T with MWCNT-
MWCNT) . water, and
[28] ,2019 and graphene Experimental 63.1% for
nanoplatelets graphene-
water
[13],2017 | PV/T-PCM | experimentally
[29], 2017 | PV/T-PCM | experimentally
9.88%
[31], 2018 | PV/T-PCM | experimentally and 87.72%
11.08%
PVIT PCM
and . raised by | raised by
[32],2018 Si02 numerically 2506 8%
nanofluid
. raised by
[33],2019 | PVI/T-PCM | experimentally 11.02%.
0,
[34],2019 PVI/T PCM | experimentally | 17.33% 26.87% 40.59%
PVI/T with
paraffin, 33%
[35] ,2019 | stearic acid, experimentall 37%
zeolite, and P y 40%
attribute 32%
PVIT
PV/PCM improved
with by
[7],2020 | (graphene/wa | experimentally 9.1%
ter) 22.7%
nanofluid 23.9%
[36],2020 PV/T-PCM | experimentally
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[12],2014

PV/T air and
water

experimentally

10.2%

46.0%

[37],2014

PVIT single
pass air and
water

mathematically

76%

[38],2015

PVIT
double-pass
air channel

and water

experimentally

17%

70%

[39], 2016

PVIT
double-pass
air channel

and water

experimentally

17%

76%

[40],2017

PV/T with
CPC double
pass air
channel and
water

theoretically
and
mathematically

13.26%

53.3%

88.19%

[41],2019

PVIT with
CuO-
nanofluid
and single
pass double
duct air

mathematically

90.3% with
CuO-nano
fluid and
air
79.8%with
water and
air

[42],2019

PVIT
combine air
and water
with FL and
CPC

experimentally

13.02%

67%

[43],2020

PV/T(water/
air) dual-
fluid

experimentally
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2.6 Scope of Present Work

After reviewing previous studies the current study includes.

- The use of an air thermal collector of type double pass single duct with steel wool

as a porous medium.

- The use of an water thermal collector made from copper plate with copper pipe

surrounded by paraffin wax as phase change material (PCM).

- Investigate the using an MWCNT-nanofluid instead of water with air as cooling

fluid on the electrical and thermal performance of the system.
- Exergy and Performance analysis of combined double pass PV/T with PCM, porous

media for tow mode of fluid flow air plus water and air plus MWCNT-nanofluid as an

cooling fluid
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Chapter Three

METHODOLOGY
3.1 OVERVIEW

This chapter deals with the methodology followed to achieve the goals specified in
the first chapter. A 3D simulation by using comsol multiphasic program has been
produced to detection the optimum design for water thermal collector ,pipes diameter
and number, a Copper pipes of various inner diameters , were tested with different
pipes number to reduction the temperature of PV panels and increase its efficiency
and extracting the largest amount of heat from the bottom surface of the PV panel.
This chapter illustrates the different theoretical and numerical methods of the

research.

3.2Numerical Water thermal collector Model

3.2.1 Physical Model

Copper pipes with different diameters have been tested for PV/T water
collector, where the study is done for the various thermal collector copper pipes
diameter with a different arrangement of the number of pipes under the solar PV panel
as illustrated in Table 3-1 below. Water was circulated inside the thermal collector
pipes as a cooling fluid.

In the analysis and simulation, the following considerations were made:
1- CFD simulation was made 3D.

2- Study state solution.

3- Water pipes were fully insulated from outside.

4- Incompressible flow.

5- Fully developed and laminar flow.

6- Heat flux was constant.

7- Heat transfer with fluid.

8- Inlet water temperature and ambient temperature are equal.

9- Constant properties.
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3.2.2 Governing Equations and Boundary Condition

Numerical analyses have been presented using steady-state conditions, that
was performed using commercially attainable Comsol program. The Continuity,
momentum and energy equations which was governed by PDE has been solved for
the laminar, stationary and incompressible flow. Heat transfer in fluid was coupled
and the effect of velocity and pressure are almost implicit for pressure governing
equation algorithm. The commanding equations (continuity, momentum, and energy)
below should be set to solution numerical simulation of the (PVT) system. CFD
simulation under investigation was commanded by the 3D, steady state computational
field for the continuity, energy and incompressible Navier Stokes equations. In the
Cartesian tensor system, these equations could be illustrated as[44].

Continuity equation:

ou OJv ow
Vot 0 (3-1)

Momentum equation[46]:

du Ju P u

p( U v+ W ) pEx— (axz (3-2)

(u— +vﬂ+w—) ——P (a 2 v—+w—) in y-direction (3-3)

ay P8y dx2
ow, _ oP W 6 w

p( U—x"‘VE HW——)=pgz— 5"‘#( oxz Vo2 (3-4)
Energy equation [40]:

oT aT T _ 2T 2T 2T
Ua—+V5+Wa— uaxz 3y2 622] (3'5)

where u,v,w = velocity field (m/s)
3.2.3 CFD Analysis

A computational fluid dynamic (CFD) analysis is employed to study and
calculate the compound fluid flow, temperature distribution and heat transfer in
(PVIT) water system, CFD simulator program was performed by using Comsol
Multiphysics software program. It is done by solving various equations and the
algorithms for fluids passing through the study area, which involved the initial and
boundary conditions on the needed area of study. Compared to other experimental
studies, CFD theories give the flexibility for analysis various construction systems at
the same time and at a lower price. In the present study, the CFD simulation analysis

has been conducted to verify the effect of heat absorber design on the performance of
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(PVIT) system, revolved distilled water as cooling fluids in (PV/T) system to improve

the electrical and thermal performance.

Table 3-1 Different suggestions for water thermal collector design

NO. Pipes Thermal distribution
number Din=8mm Din=10mm Din=12mm
1 8
2 10
3 12
4
14
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3.2.4 Meshing and Solution Model

The mesh generation on of the most important factors affect the accuracy of
the results in any analysis and simulation process. The convergent solutions of the
partial differential equations depend on generating convenient mesh. In this

simulation, fine mesh faces were used depending on the geometrical shape of

collector and operating condition as shown clearly in Figure 3-1.

Figure3-1Mesh Generation

Various tests were carried out to generate the grid with different size elements
to achieve the best results in order to reach the stability of the temperature with the
appropriate number of elements depending on the temperature of the outlet water as

shown in Figure 3-2.
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Figure3-2 Average outlet water temperature versus with mesh face for mesh
generation test

3.2.5 Numerical Verification

In each numerical analysis operations, verification is a very substantial step. In
this study, to validate the numerical model, a comparison was conducted between the
numerical analysis and a previous study that used the results produced by Ahmad
Fudholi [47]to legitimize the CFD analysis. This demands the analysis of the gained
results of the CFD validation for average outlet water temperatures (Tout) for PV/T
and thermal efficiency (nw), 4.9% was the error percentage between the CFD
validation and the results for previous study. The average outlet water temperature
for the PV panel is illustrated in Figure 3-3, where the outlet water temperatures are

reduced as the mass flow rate rises.
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Figure3-3 Outlet water temperatures according to different mass flow rates for the

CFD analysis results compared with [48]

Figure 3-4 illustrates the PV/T water thermal efficiency with various mass flow rate,

when the mass flow rate increases, the thermal efficiency is raised .
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Figure3-4 Thermal efficiency with different mass flow rates for the CFD analysis

results compared with [48 ].

3.3 Electrical Analysis for Photovoltaic PV Panel.

The maximum power flows from a maximum power point for PV Panel can be

expressed as[48].

Pmax=ImaxX Vmax

(3-6)
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Electrical efficiency (nelc) of (PV) panel represents the maximum power of the PV

panel to the solar irradiance absorbed by the solar cells. It can be calculated as [48].

P
Vo (3-7)

The ratio of the maximum power to the open circuit voltage and short-circuit current
is the fill factor (FF) which can be calculated as [51].

_ Pmax — Imax X Vmax (3-8)

a IscxVoc IscxVoc

One of the most significant parameters influencing on the performance and efficiency

of PV panel is packing factor (PF), the (PF) is pointing to the ratio of the single cell
area multiplied by the number of cells to the area of the PV module (Am) as

illustrated in the equation (3.4). Often, it has a value lower than one [51].

_ AcxNc
Am

PF (3-9)
The module efficiency (ym) from the mathematical result can be calculated from cell
efficiency (nc) multiplied by packing factor (PF).

INm= neicX PF (3-10)
The electrical efficiency for the PV panel that depended on temperature can be
calculated from [51].

Nelc=Mret [1-Bref (Ts-Tref)] (3-11)
where nyret, Trer are the electrical efficiency and temperature for PV panels at STC, TS
PV cell base temperature, and PBrer temperature coefficient equals to (0.0045 °C-1) at

PV cell reference temperature.

3.4 Thermal Analysis for (PV/T) combine System.
When the two fluids utilized with each other, the thermal power acquired by

the dual-fluid solar collector is various compared to a traditional flat plate collector. In
the presented PV/T combine system, the net thermal acquired is calculated as a
combine of thermal energy participation by the air portion and the water portion.

The heat transferred from the solar radiation, fallen on the PV panels to the air and
water heat exchanger attached beneath to the base surface of PV panels, is acquired by
the computation of the ratio of convection which is exchanged from the basis of the
PV module to the water and air which is flowed under the PV panels. Moreover, the
ratio of convection is exchanged from the water and air passing to the surrounding air
or versa. Depending on the energy needs and applications, the employing of two types
of fluids (air and water) also generates a higher range of thermal applications. The
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improvement system by integrating both types of heat transporter mode is to display
the best performance for PV/T technology and to get higher efficiencies [39].

The useful energy Qu ordinarily derived by Hottel-Whillier- Bliss equation [37].

Qu= Cp(To-Ti) (3-12)
where m, Cp mass flow rate and specific heat for fluids flow and To, 1i outlet and inlet
temperature.

Equation (3-12) can be used to complete the calculation of the thermal efficiency nth,
which can be expressed by dividing the total useful thermal energy gained from both
heat exchanger fluids air and water to the total incident solar radiation and area of the

collector as in [40].

_ Qu(air)+Qu(water)

In= ACXG (3-
13)

Equation (3-14) illustrates the relation between absorber solar radiation and thermal

losses as in [51]
Qu=Acx Fr [S -UL (Ti -Ta)] (3-14)
S can be determined from equation (3.15)

S=atw G

The factor of heat removal efficiency Fr can be calculated from [51]
mx Cp

[ACXULXFI]
ACXUL

mx Cp

FR:

[1-exp (3-16)

F' is fins Corrected efficiency and it determined from [26]

1
Fl= UL . (3.17)

YIstorow-op T & * woinm)

f factor of fin efficiency it can be calculated from [26]
_tanh[m 22

MR

(3.18)

M can be calculated from [28]

_ UL
M _\/(Kabsxlabs)+(l(pv><lpv) (319)

UL equal to tub heat loss Ut can be calculated from[26]

U= ng + J(sz—Talz)(Tp—Ta) (3.20)
%(T]\I;’g;r?)o.% +ﬁ sp+0.05Ng(1—£p)+%—Ng

f = (1-0.4hw+0.0005hw?)(1+0.091Ng) (3.21)

¢=365.9(1-0.00883+0.0001298 2) (3.22)
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From this equation it is conceivable to find the valuable heat gain of the solar

collector by rearranging the equation(3.9) as in [48]

Ti—Ta

Nt = Fr(ta)- FRUL ( - ) (3.23)

3.5 Thermodynamic Analysis
To compute the inclusive performance and the path of energy transfer through

a mechanical system, a thermodynamic analysis is used. Energy, entropy and exergy
represent to the thermodynamics divaricate concepts. The exergy of a system is the
higher probable useful work through a process that turns the system into thermal
equilibrium state. That is, exergy is the ultimate ability of energy to produce a useful
work as the system turn to the equilibrium, however irreversibility raises the entropy
at the detriment of exergy [49]. Dependence on a thermodynamic approach from the
first and second laws viewpoint. So, for obtaining an efficient method to analysis
PV/T combine system energy and exergy analyses are produced which is referred to

the first and second laws[50].

3.5.1 Energy Analysis
The energy balance for PV/T combine system as illustrated in Figure 3-8, by

assumption that the system united control volume and steady state condition can be
analyzed as[50][42]:

Y Ein =Y, Eout + Y., Eloss (3.24)
Esun + Emassin= Eelct Emass.outt Elosses (3.25)
Elosses= Esun— Eeic— Ein (3.26)
Eth = Emass.out — Emassin (3.27)
En= tha Cpa(Toa— Tia) + thw Crw(Tow— Tiw) (3.28)
i = (3.29)

The overall efficiency, nov for a (PV/T) combine system is equal to the ratio of the
total gained of the combine-fluid PV/T system thermal power, to the sun power
during a selected time period combined with electrical efficiency of the PV/T
combine system [53]. The total overall efficiency is calculated as follows:

1 ov= I]th,tot T 1elc/ Npp (3.30)
where npp IS the efficiency of the power plant have value varies from 0.20 to 0.40
related to the quality of coal used [51],[41]. In this study, the value of npp tacked is
0.38 as in [52],[53].
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Figure3-5Energy analysis for PV/T combine system

3.5.2 Exergy analysis
Exergy represents the various between the overall energy of the system and

the energy losses (unavailable energy), only when the environment and whole
processes of the system are reversible. Exergy is preserved. As an exergy analysis is
presented on a system, exergy is demolished whenever an irreversible process occurs,
like PV/T systems. Thermodynamic imperfections can be quantified as exergy
devastation, which are lost work or lost potential for generation of work. Analysing
exergy demolished by each component in a process can identify what portion should
be focused on to enhance system efficiency. Exergy analysis can be stated if a design
of an energy system is efficient and by how its efficiency could be improved by
reducing the Incompetent in the system [52]. The exergy analysis in the same way as
energy analysis. Figure 3.9 illustrates the exergy pass diagram of a PV/T combine
system, assuming the PV panel and the thermal collectors as a single control volume.
Considering a steady state condition, the exergy analysis could be computed as
follows in [53][25].
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Figure3- 6Exergy analysis for PV/T combine system

Y Exin =Y Ex out + Y EX loss (3.31)
EX sun + EX massin= EX elct EX mass,outt EX fosses (3.32)
EX losses= Ex sun = Ex ele— Ex th (3.33)
. 1,T 4 T

Exsur= GX AC [1+ 3 ()" 5 ()] (3.34)

where, T, and Ts are the temperature of the ambient and the sun (as a black body T
sun = 5800 K), respectively. The exergy of the mass flow rate can be defined as
in[54].

EX th= EX mass,out — EX massiin (3.35)
Ex th= fi'lw(\llout—\llin) + Mair (\|/out—\|fin) (3.36)
where

Wout = (Nout = Namb) — Tamb (Sout —Samb) (3.37)
Vin= (hin—hamb) - Tamb(Sin —Samb) (3.38)

In the above equation, the changes in entropy, S and enthalpy, h for fluid flow can be
defined as[45],[55]:

Ah= hu,out ~hwiin = Cow(T wo—Tuw,in) (3.39)
Ah= haout =hain= Cpa (T wo—Tw,in) (3.40)
AS=Saux — Sin= Cp In(z>-) (3.41)
For water

AS=Cpw In (:v:éi) (3.42)
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For air

AS= Cpa In(Z22) (3.43)

(Ta,in

By substituting Egs. (3.36) to (3.43) into Eg. (3.35), we have:

Exth= riw pr[T w,0— Tw,in — Tamb In(;:wl,;(r)l)] + ma Cpa[ T a0—Tain —Tamb In ;:;:l)]

(3.44)
The exergy of the PV unit can be calculated as in [58]:

1 ,Ta 4

G- (] (3-45)

The electrical and thermal exergy efficiencies of systems are equal to the ratio of the

Exeic=nelc XxGx AC [1+

output electrical and thermal exergy, respectively, to the sun exergy during a selected
time period similar to the energy analysis. So, the overall exergy efficiency for PV/T

combine system can be calculated as in [58]:

Ex th+Exel
o= Exele (3-46)
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Chapter Four

Experimental Study

4.1 Introduction

This chapter presents description of the experimental work that was done
through this study, where all of the system components used for experimental work
have been built and inaugurated in the Technical College of Najaf, Al-Furat Al-Awsat
Technical University, Irag. Geographically, the devices location is installed outdoor
characterization of a photovoltaic thermal PV/T combine collector system under

ambient weather conditions.

4.2 Photovoltaic Thermal (PV/T) Combine System

PV/T combine cooling system which used both air and water as cooling fluid
consists of the required and appropriate components to lower the temperature of the
PV panel. The first main part in the system is the PV panel to be installed and cooled
at system startup. The second main part is the fluid flow collector, which contended
sheet and copper pipes attached to the beneath side of PV panels. These are all
surrounded by PCM filled content as shown in Figure 4-1. The third part is the water
pump used to employ the cooling liquid into the thermal collector pipes of the system
contains. The fourth part includes two air ducts; one above the PV panels and the
other to the back side of PCM content. The fifth part is air fan used to employ the
cooling air into the air ducts. In addition to the water tank and heat exchanger, the
complete system was installed on a steel structure that was able be motioned at select
height and select angle. The photograph of the experimental setup is shown in Figure
4-2. The schematic diagram of the complete experimental setup is shown in Figure 4-
3.
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Figure4-1Section view for PV/T combine system double duct single pass
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/ 1- PV panel 2- PVIT combine system 3-Storage Tank\
4- Air Fan 5-Water Pump 6-Heat exchange
7- Adjustable structure 8-Pyranometer 9-Anemometer
10-Clap meter 11- and 14- variable resistance

12-DC power supply  13-Date logger /

\_

Figure 4-2Photograph of the experimental rig setup of the PV/T combine system with its all
parts
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Figure 4-3Schematic diagram of the PV/T combine system

4.2.1 Photovoltaic(PV) panels.

The PV panel is the essential part of the system. The photovoltaic module
(Monocrystalline) is mostly the formation of three main layers (Glass, EVA, Tedler).
The devices were installed with the photovoltaic system outdoors under ambient

weather test conditions, Figure 4-4, and the specifications provided in the Table 4-2.
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Figure 4-4PV panel Mono crystalline type

Table 4-1 Photovoltaic PV specifications

Details Specifications

Solar cell type Mono crystalline silicon
Cell dimension (mm) 62.5*125

Module dimension (mm) 800*500

Number of cells 36

Maximum power 60W

Maximum power voltage(Vmp) | 17.9V

Maximum power Current(Imp) | 3.35A

Open circuit voltage (Voc) 20.8V

Short circuit current (Isc) 3.68A

Electrical efficiency(n ) 15%

Standard Test Conditions AM 1.5 1000W/m? , 25°C
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4.2.2 Sheet and Tube Water Thermal Collector

The water flow thermal collector is one of the main essential parts of the PV/T
combine system, attached to the back base of the PV panel as shown in Figure 4-5.
The dimensions of the copper plate carefully selection are the same as the dimensions
of the photovoltaic panel with 800mm length, 500mm width and 1mm thickness. The
diameter and number of a copper pipes of the water flow thermal collector have been
carefully selection according to the simulation result, where the best temperature

distribution for PV panel.

Figure 4-5Sheet and tube water thermal collector

4.2.3 Phase Change Material (PCM) Container
Paraffin wax was used as phase change material (PCM) with specific

properties as in and as illustrated in Appendix Al. It fills the content behind the PV
panel and surrounds the copper tubes and the plate as illustrated in Figure 4-6. It
contributes to maintaining the temperature of PV, as it draws heat from the bottom
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side of the PV plate and pipes and maintains heat when the sun rays are not available

or after sunset.

T

Figure 4-6PCM container

4.2.4 Air Duct
Double pass single duct air thermal collector type was made from foam

insulation material with one inlet and one outlet, where the air flow in the upper duct
which was located between the class cover with 3mm thickness and upper surface of
PV panel than to the lower duct which was located under the lower side of the PCM
contender and foam insulation material. A plate from stainless steel was used as an
absorber plate and the duct was filled with steel wool (porous media) as shown in
Figure 4-7.
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Figure4-7Double pass single duct with steel wool as (porous media)

4.2.5 Water Pump
The pump is also one of the main significant parts of the PV / T combine

system. It is employed to circulate water into thermal collector copper pipes. The
pump is a DC variable-speed pump type which consumes a maximum power of about
8W of power. It is powered by a variable DC power supply. The amount of the
entering water is controlled by changing the amount of power supplied to the water
pump. As a result, a flow meter may be used to measure it; therefore, varied water
flow rates may be obtained. The pump characteristics and type are shown in Figure 4-
8 and Table 4-3 respectively.
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Figure 4-8Water Pump
Table 4-2 Pump Characteristics
Parameter characteristics
Max-Power 8W
Voltage 12V
Max-Head 5m
Max-Flow Rate 10(L/min)

4.2.6 Air Fan

The fifth essential part of the system is air fan. It works to draw air from outside to the

upper duct at the top of the PV panel, passing through the lower duct. A DC variable-

speed air fan was used with (12 V, 30 W, and 2800 r.p.m rated speed) as shown in

Figure 4-9. It is powered by a variable power supply. The amount of the passing air

was controlled by changing the fan speed by changing the amount of power supplied.

So, it must be measured by air speed meter. The fan has been mounted at the lower

duct.
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Figure4-9DC variable-speed air fan

4.3 Measuring Devices
To list the results that will be carried out through the work system, a collection

of measuring devices has been used to suit the working conditions. Calibration was
performed for each device. Also, in the following paragraphs, the functions and

specifications of each device are elucidated in specifics.

4.3.1 Pyranometer (Solar Power Meter)
One of the devices affecting the efficiency and performance of the PV panels

is used to measure the intensity of solar radiation falling on the plate. This device has
a regulation key employed to calibrate the device by testing the device in the dark,
where it must be reading (0) W / m?. For the experiment, the intensity of solar
radiation is variable with time and environment weather conditions. The pyrometer
device contains a sensor and LCD screen as shown in Figure 4-10. The device range

and specs as shown below, in Table 4-2, and shown in Appendix (B):
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Figure 4-10Solar power meter(Pyrometer) device

Table 4-3 Characteristics of Pyrometer Device.

Characteristics Details

Maximum reading (2000W/m?)

Accuracy typically, within+10W/m?,

Angular accuracy cosine corrected <5% for angle <60°

Sampling time 0.25 second

Operating Temperature 0° C-50° C, moreover, Humidity: below 80%
RH

4.3.2 Data Logger Device
It is a device employed to gauge the temperatures. It contains many channels

as shown in Figure 4-11. It is essential to measure the PV panel surface temperature,
inlet and outlet water temperature, inlet and outlet air temperature, PCM temperature.
The device that was used is of the type Anpat (AT4532) with (32) channels, which is
compatible with Type -K and Type- T thermocouples with (0.2 % +1°C) to read

accuracy.
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Figure4-11Anpat (AT-4532x )Data logger thermometer device.

4.3.3 Anemometer
Anemometer device was employed to measure the wind speed and

temperature of ambient air as well as fan speed. This measurement was taken every
(15) minute. The device kind is AR-836 with two parts; the first part is a fan and a
temperature sensor to calculate the temperature of air flow rate and speed. The second
part includes the screen to display digital values for reading and control keys for

operating and selecting unit of measurement as shown in Figure 4-12.

Figure 4-12Anemometer (AR-836) device

4.3.4 Flow-Meter
The flow meter was employed to measure the rate of water passing into the

copper pipes thermal collector. Through this device, the flow velocity of the water can
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be known. The type of flow meter is AM-4206M as shown in the Figure 4-13. The

flow-meter was calibrated by a known volume container with a stop watch.

Figure 4-13AM-4206M Flow meter device

4.3.5 Clamp meter
Itisa (UNI-T) UT 203 type clamp meter device as shown in Figure 4-14. It is

employed to measure the voltage and current produced by the photovoltaic PV panel
at the altering load from zero ohm to the highest possible value of the resistance to
calculate the maximum electrical power for the photoelectric panel performance in the
case of cooling and without cooling for PV module and PV/T combine system
together. For voltage monitoring in an open circuit state, the PV panel load is
connected in parallel. For current measurement in a close circuit, the PV panel load is

connected in the series position.
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Figure 4-14(CT-9830) Clamp Meter Device

4.3.6 Power Supply

An electric power equipped device was employed to supply the requisite
power to the pump and fan to control the electrical consumption as shown in the
Figure 4-15. The device has two analog monitors to show the voltage and current and
to know the value of power that the pump and fan needed. The pump speed can also
be adjusted via the power supply device. It also has the ability to install alternating

current electricity to power additional gadgets.

’ o m— ‘ /. "
Figure 4-15Power Supply D.C. Device

4.3.7 Variable Resistance Load
To get the maximum electrical power for solar PV panels, the variable

resistance is used that can be obtained without voltage drop, by plotting the relation

between voltage and the current at the different load of resistance beginning with zero
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ohms. Figure 4-16 illustrates the type of different resistance used for conventional PV

panel and PV/T combine system.

Figure 2-16Variable Resistance Load.

4.3.8 Thermocouples Sensor

Temperature thermocouples were put in various locations at the system to
measure temperature. The thermocouples of K-type were with different lengths as
shown. They were connected to the digital data logger device. The thermocouples
used to measure a temperature range, as well as the accuracy ratio of the readings. All
thermocouples, that were used, were calibrated in order to obtain the best temperature
readings by comparing its reading with that of a mercury thermometer reading as
specified in the Appendix B. To ensure the thermocouples thermal conductivity, a
heat sink squeezer and an aluminum conductive heat bar were used, as shown in
Figure 4-17, Figure 4-18 and Figure 4-19 respectively. They were carefully fixed at

various locations as follows.

1. Six thermocouples installed on PV panel, four of them were put at equal distances
on the upper surface to measure the surface temperature at various times and the
other two were installed on the base surface to measure the PV panel back side.

2. Four thermocouples were distributed at various locations for PV/T combine
system; two of them were at the PV base surface and the remaining two were
installed at mid-depth for phase change materials (PCM) to compute temperature.

3. Two thermocouples were installed on the upper surface of PV panel for PV/T

combine system to measure surface temperature.
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4. Two thermocouples were put at inlet and outlet water flow bath to measure the
temperature of water before inter and after leaving the PV/T combine system
water collector.

5. Two thermocouples were put at inlet and outlet air flow duct to measure the
temperature of air before inter and after leaving the PV/T combine system air
duct.

6. One thermocouple was used to measure the ambient temperature.

Figure 4-17K-type
Thermocouples Figure 4-18heat sink squeezer Figure 4-19

Aluminum conductive
heat bar

4.4 Preparation of Nanofluids

A fluid that contains nanoparticles that are attached to it is called a nanofluid.
There are two steps used to prepare the nanofluids; the first are the making of
nanoparticles as a minute particles (powder- form), by physical or chemical ways,
such as ablation of laser, milling, processing of sol-gel, etc. The second step is that
commenting it in a liquid as a base fluid[56]. The two-step way is used for
preparation. Also, the nanoparticles can be created on large range distilled water using
as a base fluid to suspended MWCNT nanoparticles with 1% concentrations as shown
in Figure 4-20a. To prepare the nanofluids by using two-step method, the MWCNT
nanoparticles were prepared as a powder form by the manufacturer.

Gum Arabic, as shown in Figure 4-20b, has been added during the MWCNT-
nanofluid preparation process, working as surfactant which surfaces active agents that
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assist to lower the surface tension of a liquid and the interfacial tension of a two-phase
system. The MWCNT nanoparticles suspended the process in distilled water made by
TELSONIC ULTRASONICS CT-12 with 12 liters volume container device as shown
in Figure 4-20c. 60 minutes of ultra-sonication was shown to be the most stable time

for the MWCNT-nanofluid samples as in .

a- MWCNT-nanoparticles b- Gum Arabic

&

c- Distilled water contender inside the ultrasonic device

Figure4-20MWCNT-nanofluid preparation step

4.5 MWCNT-Nanoparticles Thermo-physical properties
For all kinds of nanoparticles, density, thermal conductivity and viscosity

represent the main thermo-physical properties on which the properties of the
nanofluid product depend on. Table 4-1 indicates the properties of the MWCNT-
nanoparticles used in this experiment specified by the manufacturer (Guangzhou
Hongwu Material Technology Co., Ltd.) which were used to prepare the nanofluids.

Table 4-4 Characteristics of the MWCNT-nanoparticles
Details Characteristics

Nanoparticles type MWCNT

67



Chapter Four Experimental Study

Appearance Black powder

Purity 99%

Thermal conductivity Knp (W/m.K) 3000

Density pnp (kg/m?®) 2100

Specific heat Cpnp (/kg.K) 796

Size (nm) D: 30-60 nm, L: 5-20 um

4.6 MWCNT-nanofluids Thermo-Physical Properties
Distilled water is chosen as the base fluid with characteristics that are affected

by temperature, which were determined by using the water's average temperature. The
thermal conductivity, density, specific heat, and viscosity of the base fluid can be
calculated as in [2],[57] . It is worth noting that the temperature unit used in these

equations is Kelvin.

_ T T 2 _
Kot = 0.6067(-1.26523+3.704(--—)-1.43055(-_)?) (4-1)
pof =(-0.00448). T2+ 999.9 (4-2)
Cpif =(-0.0000463). T+(0.0552). T?-(20.86). T+6719.637 (4-3)
st = (0.00002414. (10540 (4-4)

after calculated the thermo-Physical Properties of a base fluid (distilled water) from
the above equations, These properties will be entered into the equations for

calculating the properties of nanofluids as in [2],[60].

pnf = @.pn + (1- D). por (4-5)

@ is nanofluid volume fraction that can be fined from

D= 77 7 (4-6)
pn  pbf

Cp = @.(pn Cp,n)+(1- @).(pbf CP,bf) (4_7)

pnf
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4.7Experiment Procedure

1- The measurement devices must be placed and secured in place after all of the
PVIT combined system elements have been assembled. The measurement devices
that were utilized can be explained as follows

a- Solar radiation measuring: The solar radiation meter is positioned at the same
tilt angle of the bounty collector . Direct incident radiation is measured every
15 minutes. The work starts from 7 am to 8 pm.

b- Wind speed and ambient temperature measuring: An anemometer probe is
placed near the PV/T combined system to measure wind speed every 15
minutes. The ambient temperature is also measured by placing an anemometer
probe in the shade every 15 minutes.

c- Both the air fan and the water pump are turned on 15 minutes before taking
the readings to reach the steady state

2- The measuring devices work from the time the experiment began from 7:00 in the
morning until 8:00 in the evening.

3- Readings are recorded either manually (such as recording data of solar radiation,
ambient temperature, and wind speed) every 15 minutes or automatic recording
(temperatures) from data logger device (such as inlet ,outlet water and air
temperatures (Tb) for PV,PCM .

4- Experiments were conducted on the surface Technical Engineering college of
Najaf/lraq. The work was carried out from June 2021 to July 2021. Using water and
air as cooling fluid was carried out in June, and experiments using MWCNT-
nanofluids and air as cooling fluid were carried out in July 2021.
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CHAPTER FIVE

Results and Discussion
5.1 Introduction

The governing equations for the suggested photovoltaic thermal PV / T
combine system for the electrical and thermal performance were specified. These
equations were solved by using the COMSOL simulation program to determine the
best design module. The theoretical and practical results were gathered as follows:

1- The numerical analysis of the PV / T water system were conducted for selecting the
best design by using COMSOL Metaphysics program.

2- The outcomes of the experiment of the PV / T combine system were acquired from
the experimental readings and the readings gather from the equipment and devices
used in the tests work. These results will be presented and discussed later in this

chapter.

5.2 Numerical Analysis

Achieving the preferable design by using COMSOL simulation program to
improve the performance and efficiency of the PV solar panels. Depending on the
temperature distribution on the surface of the PV panels and the temperature of the
water coming out of the copper pipes after the heat exchange process that occurs
between the bottom surface of the panels and the water passing through the copper
pipes, the best design of the water heat exchanger has been determined.

Figures and Table 5-1 and Table 5-2 illustrate the simulation results of the modeling
structure for the suggested water thermal collector. The simulation results showed that
the best diameter of copper pipes was with (8 mm for the inner diameter and with 10
mm for the outer diameter) and the best number of copper pipes that can be used in
the thermal water collector are 16 distributed under the PV solar panel as shown in

Figure5-3.
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5.2.1 Modeling Water Thermal Collector Based on the Diameter
and Number of Water-Passing Pipes

The Comsol CFD program simulation result illustrated the optimum water

collector design with 8mm inner copper pipes diameter and 16 pipes, distributed

under the base of PV panel as shown in Table 5-1. This design was determined

because it had the lowest temperature distribution and the highest temperature of the

outlet water, among the other different designs that were of different diameters and

different distribution of the number of pipes as shown in Figure 5-1 and Figure 5-2.
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34.5
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Figure5-1 Change in base temperature (Th) with different pipes diameter and number

of pipe
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Table 5-1Thermal distribution gained from the simulation results for different
collector design

Thermal distribution
Pipes Din=8mm Din=10mm Din=12mm
NO. | humber
Tb Tin | Tout | Tb Tin | Tout | Tb Tin | Tout
Q9 |(Q |9 (O (O |[(CO | [(Q |(C9
36.86 30 36.18 36.97 30 35.98 3751 30 35.74
1| ‘
|
1 8 H
35.9
30 | 36.14 36.04 30 | 35.95 36.49
10
2
35.37 | 30 |36.12 | 3549 | 30 |3592 | 3501
3 12
35 30 |36.10 | 3510 | 30 |35.9
4 14
5 16 34.7 30 |36.10 {3485 | 30 |[359 |3518 30 |35.68
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5.2.2 Modeling the Optimum Water Thermal Collector Based on

Variation in the Flow Rate.

Figure 5-4 and Figure 5-5 illustrate the reduction that occurs in both base temperature

(Th) and outlet water temperature (Tout) as volume flow rate increased from (1-5)

L/min at 2000W/m? solar radiation and as shown in the Table 5-2.
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Figure5-4 Variation in base temperature(Tb) with different volume flow rate
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Figure5-5 Variation in outlet water temperature (Tout) with different volume

Table 5- 2Thermal distribution for optimum design gained from the simulation results
by changing the flow rate

\o Thermal Din N o - (L) Tb Tin | Tout
Distribution (mm) PR M ecy | (°c) | (°c)
1 8 16 1 36.86 | 30 36.18
2 8 16 2 33.189 | 30 33.105
3 8 16 3 32.593 | 30 32.096
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4 8 16 4 32.289 | 30 31.594

5 8 16 5 32.1 30 31.286

IV

5.3 Experimental Analysis
The actual objective of this section is to test the effective and practical

performance and efficiency of the PV/T combine double base single air duct system
with phase change materials (PCM), porous media by integrated air and water in
addition to Multi-walled carbon nanotube (MWCNT) nanofluid as a heat removable
medium. The experimental work has been built and inaugurated in the Technical
College of Najaf, Al-Furat Al-Awsat Technical University, Iraq. Geographically, the
devices location is installed outdoor; via characterization of a photovoltaic thermal
PV/T combine collector system under ambient weather conditions for the selected day
of June and July from 7am to 8pm. The readings were taken and recorded every 15
minutes. A comparison was made for PV/T combine system under two modes of
fluids; flow air plus water and air plus MWCNT-nanofluid with conventional PV and
without any cooling system under different mass flow rate for air, water and
MWCNT-nanofluid. The results of the practical tests were obtained under the
influence of various parameters that have an actual effect on the performance of the
PV/T combine system, such as mass flow rate for air, water, ambient temperature,
solar irradiance, wind speed. In order to know the possibility of combining
photovoltaic panels PV and thermal collectors, these parameters have been carefully
analyzed because these parameters have the ability to show whether the combine
thermal collector of air and water can enhance the electrical performance of the

photovoltaic panels PV.
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5.3.1 Photovoltaic (PV) Module (without thermal collector)
Rising in cell temperature leads to an increase in self-concentration and the

value of reverse saturation current rises as illustrated in Figure 5-6. However, it
reduces the amount of the circuit voltage, as illustrate in Figure 5-7. It causes a
decrease in the maximum amount of energy generated by the cell, as shown in Figure
5-8, because the current and voltage represent the main parameters that the electrical
power generated by the cell depends on [58].
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Figure5-6Variation in short circuit current (Isc) with the base temperature (Th)
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Figure5-7 Variation in open circuit voltage (Voc) with the base

Moreover, the variation in maximum power (Pmax) has been specified clearly
as in Figure 5-8 and Table 5-3 which indicate an increase in power from 16.04 W to

52.447 W, when the solar radiation is increased from 300W/m? to 1200 W/m?.
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Figure5-8 Variation in maximum power (Pmax)for PV module
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The electrical efficiency for PV module is decreased from 12.77 % to 10.74%
when the solar radiation is raised from 300 W/m? t01200 W/m?.

Table 5- 3Specifications of PV module with various solar radiation

case
Property solar radiation(W/m?)
300 | 500 700 900 1200
Ambient temperature | 38.7 | 39.9 42 44.3 49.7
Ta (°0
Surface temperature | 58 63.76 | 73.876 | 81.23 | 84.543
Ts (°Q
Base temperature 59.6 |64.67 | 75.634 | 83.456 | 88.23
Tb (°Q)
Electrical efficiency 12.77 | 12.435 | 12.097 | 11.193 | 10.74
Neic(%)
Maximum power 16.04 | 29.49 |41.13 |51.219 | 52.447
[Pmax(pv)](W)
Open circuit voltage | 19.05 | 19 18.75 | 18.55 | 17.87
Voc(V)
Short circuit current | 1.23 | 1.72 2.61 3.13 3.6
Isc(A)

Compared to the characteristics of PV module at Standard Test Conditions
STC, the PV module indicated much reduction in efficiency. The PV module
generated Voc = 20.8 V, Isc = 3.68 A with (STC), and the electrical efficiency
reached t015% by the manufacturer, as mentioned in Table 4-1 in chapter four.
Accordingly, the power and efficiency amounts with experimental work conditions
indicated reductions compared to the ones produced by the manufacturer because that
the electrical efficiency of PV module has been reduced as its temperature raises.
During working the base, temperature (Th)of the PV module raised to 88 °C and this

will drive to a reduction in energy and efficiency.

5.3.2 Photovoltage Thermal PV/T Combine System with Water
and Air as a Cooling Fluid
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The test for PV/T combine system experimentally was performed under
ambient weather conditions from the intensity of solar radiation, the ambient
temperature and wind speed. During the tests, PV module was used near to PV/T
combine system to ensure that it was exposed to the same ambient weather conditions
and the data is received from them at the same time. This test was conducted to find
out the effect of fluids (water, air) mass flow rate as a coolant on the electrical and
thermal performance of the PV/T combine system and to determine the best mass
flow rate, under selected water mass flow at (0.0166,0.033 , 0.05,0.066, 0.0833) kg/s
and air mass flow at (0.0244,0.0317 ,0.0504) kg/s. The temperatures (Ambient, Inlet
water, Outlet water, PV module (back and front) and PV/T collector (back and front)
were read and recorded to find the power and efficiency for PV module and PV/T
combine system. The readings produced by the PV/T combine system were analyzed

and compared to the conventional PV module.

5.3.2 .1 Influence of Water Mass Flow rate Change

In this test, the performance of PV/T combine system was investigated under
different water mass flow rate (0.0166,0.033,0.05,0.066) kg/s with constant air mass
flow rate at 0.0244kg/s.

a. Base Temperature (Th) .

As operational temperatures rise, the conversion efficiency of PV cells from
solar energy to electricity drops[5]. The increased in solar radiation leads to an
increase in the temperature of the base surface (Tb) of the PV panels for PV/T
combine system as illustrated in Figure 5-9 and specified in Table5-4. Also, it shows
the reduction that occurs in (Th) as water mass flow rate increased reaching to 0.05
kg/s water mass flow rate. After this, the basic temperature (Th) does not fluctuate
significantly. At lower solar radiation 300 W/m?, the base temperature (Th) reached to
(43.8,42.4,41.2, 40.934) °C at water mass flow rate (0.0166 , 0.033,0.05 ,0.066) Kkg/s.
At higher solar radiation at 1200 W/m? the base temperature reached to (57.9 ,55.8
,53.5 53.235) °C at water mass flow rate (0.0166 ,0.033 ,0.05 ,0.066) kg/s. It also
illustrates the increase in the mass of water flow contributes significantly to lowering
the base temperature (Th) with constant air mass flow at 0.0244kg/s. The greatest
reduction in base temperature was obtained at 0.05kg/s water mass flow rate under

different solar radiation.
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Figure5-9 Variation in base temperature(Tb) under different solar radiation and water mass
flow

a. Open Circuit Voltage (Voc)

In PV, module linear dropped in open circuit voltage (Voc) at an increasing
temperature rates [59]. This change can be seen visibly as in Figure 5-10 and
illustrated as in the Table 5-4. It also shows the rising that occurred in (Voc), when
mass of water flow increased under different solar radiation, at lower solar radiation
300W/m? the (Voc) value, reached to (19.34, 19.37, 19.7) V at (0.0166 ,0.033,0.05)
kg/s and when the solar radiation was increased t01200 W/m?, the (Voc) decreased
and reached to (18.44, 18.83, 19.31) V as shown in Figure 5-10. The highest values
were obtained in (Voc) at 0.05kg/s under different the solar radiation because it has

the lowest surface temperature (Th).
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Figure5-10 Variation in open circuit voltage(Voc) under different solar radiation and water
mass flow rate

b. Short Circuit Current (Isc)
As for the results of the oscillation of the temperature for PV module, the Isc

raised proportionally with the increase in solar radiation from 300W/m? to 1200 W/m?
‘This is because of the raise in the production of electron-hole pairs by thermal energy
[60]. As shown in Figure 5-11 and as illustrated in the Table 5-4, when the mass of
water flow rate increased, the (Isc) decreased under all solar radiation rates, where the
(Isc) values were (1.14, 0.95, 0.79) A at (0.0166, 0.033, 0.05) kg/s with lower solar
radiation and when the solar radiation increased to 1200W/m? the (Isc) values reached
to (3.88, 3.6, 3.27) A as shown in Figure 5-11, the highest reduction in the current was
obtained at 0.05kg/s.
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Figure5-11 Variation in short circuit current (Isc) under different solar radiation and water
mass flow rate

Table 5- 4 Characteristics of PV/T Combine System with Water and air for different Solar
Radiation and at mw = 0.05kg/s

Case
Solar Radiation (W/m?)
Property
300 500 700 900 1200
Ambient temperature Ta (°C) 35.9 38.6 40.5 44.1 44.6

Inlet water temperature Tin (°C) 334 37.1 37.8 38.1 38.2

outlet water temperature Tout (°C) | 33.7 37.8 39.7 40 40.2

AT =[Tou- Tin] (°C) 0.3 0.7 1.7 1.9 2

Inlet air temperature Tin (°C) 37.2 40.9 42.5 46.5 48.4

outlet air temperature Tout (°C) 40.3 44 454 49.1 50.7

AT =[Tout- Tin] (°C) 3.5 3.1 2.9 2.6 2.3
Surface temperature Ts (°C) 37.2 40.4 42.2 43.6 44.9
Base temperature Ty (°C) 42.2 43 49 52.6 53.5
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Reduction in surface temperature
(°C) 22.1 23.9 33.1 45.1 50.4

ATS =[Tsev) - Tspvm]
Reduction in base temperature

(°C) 158 | 20 | 216 | 288 | 345
ATo =[Tb pv) —Tb (Pvim)]
Electrical efficiency ne (%) 13.839 | 13.785 | 13.38 | 13.137 | 13.076

Percentage increase in electrical
efficiency (%)
[nevm - nevl I nev)

8.349 | 10.856 | 12.052 | 17.367 | 21.667

Enhance electrical efficiency (%) | 1.0665| 1.35 | 1.458 | 1.944 | 2.328
1) enhance) = (PVIT) - P(PV)

Maximum Power 17.381 | 32.69 |46.088 | 60.114 | 63.812
Pmax pvimy (W)

Water pump power consumption
P ump) (W)

3.5 3.5 3.5 3.5 3.5

Air fan power consumption

P(fan) (W) 25 2.5 2.5 2.5 2.5

Enhance Power (W)

Prennances=[Praxeyh -Praoy) -4.66 | -2.797 |-1.042 | 2.895 | 5364

P(ump)- P(fan)]

Open circuit voltage Vo (V) 19.7 19.62 | 19.53 | 19.39 | 19.31

Short circuit current Isc (A) 0.79 1.31 2.08 2.51 3.27

5.3.2.2 Influence of Air Mass Flow Rate Change
The effect of changing the mass of the air passing was tested by changing the

fan speed on the electrical and thermal performance of the PV/T combine system
with constant water mass flow, after the best performance was obtained in the
previous test when the mass of water was 0.05 kg/s in terms of electrical efficiency
and base temperature (Th), open circuit voltage (Voc), short circuit current (Isc).
This test was conducted under different air masses flow at (0.0244,0.0317,0.0504)
kgls.

a. Base Temperature (Tb)
As shown in Figure 5-12, the increase in the amount of incident solar radiation

from 300W/m? to 1200W/m? leads to a raised in base temperature (Tb) from 41.2°Cto

53.5°C when the air mass was 0.0244 kg/s. It also shows the lower solar radiation
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300W/m? (Tb) values which reached to (41.2, 43.8, 44.2) °C at (0.0244, 0.03167,
0.0504) kg/s mass of air passing, and at higher solar radiation 1200W/m? (Tb) values
which reached to (53.5, 56,57.9) °C with (0. 0244 ,0.03167,0.0504) kg/s mass of air
passing. The reason for this rise in (Tb) is due to the decrease in the time required for

heat exchange with an increase in the amount of air mass passing.
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Figure5-12 Variation in base temperature(Tb) under different air masses flow and solar
radiation

b. Open Circuit Voltage (Voc)

Figure 5-13 illustrates a linear drop in open circuit voltage (Voc) when the
solar radiation increase as a result of the high temperature of the PV panel, where at
lower solar radiation 300 W/m?, the (Voc) reached to (19.8,19.622,19.26) V at
(0.0244 ,0.03167,0.0504) kg/s and (19.31 ,18.9 ,18.12) V at 1200W/m? at the same
air mass flow rate, under different solar radiation. The highest voltage values were
obtained at 0.0244 kg/s air mass flow as shown Figure5-13 and specified in Table5-
5.
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Figure5 -13Variation in (\Voc) under different air masses flow and solar radiation

c. Short Circuit Current (lsc)

Figure 5-14 shows the linear increase in short circuit current (Isc) with the
increase in the amount of solar radiation. It shows, at lower solar radiation 300
W/m?, the (Isc) value which reached to (0.79,1.08,1.81) A and to (3.27,3.38,3.872) A
at 1200W/m? solar radiation under the same air mass flow rate at (0.0244, 0.03167,
0.0504) kg/s as specified in Table 5-5.
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Figure5-14Variation in (Isc) under different air masses flow and solar radiation

Table 5- 5Characteristics of PV/T combine system at mw = 0.05kg/s and 1200 W/m2 solar

radiation
Case
Air mass flow (kg/s)
Property

0.0244 0.03167 | 0.0504
Ambient temperature T, (°C) 44.6 48.7 47.6
Inlet water temperature Tin (°C) 38.2 39.9 39.1
outlet water temperature Tout (°C) 40.2 41.6 41.6
AT =[Tout- Tin] (°C) 2 2.1 2.5
Inlet Air temperature Tin (°C) 48.4 54.9 52.6
outlet Air temperature Tout (°C) 50.7 57 54.2
AT =[Tour- Tin] (°C) 2.3 2.1 2.1
Surface temperature Ts (°C) 38.9 47.3 53.3
Base temperature Ty, (°C) 53.5 56 58.9
Reduction nsurfece LmRELIe | 5oy | 565 | ate
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Reduction in base temperature

34.5 27.8 25
ATy =[Tb pv) —Tb rvm](°C)
Electrical efficiency ne(%) 13.076 12.907 12.711
Percentage increase in electrical
efficiency (%) 21.667 17.011 15.307

[neEvm - nevl / nev

Enhance electrical efficiency
1 enhance) =M (PVIT) - (PV)

2.3287 1.876 1.687

Maximum Power Pmax pvimy (W) 63.812 62.988 62.033
Water pump power consumption

3.5 3.5 3.5
P(pump) (W)
Air fan power consumption
P(fan) (W) 2.5 5 8.45
Enhance Power (W)
P(enhance):[Pmax(PV/T) -Pmax(pv) - 5.364 1.657 -2.715
P (pump)- P(fan))
Open circuit voltage Voc (V) 19.31 18.9 18.12
Short circuit current lsc (A) 3.27 3.38 3.872

5.3.3 Performance and Efficiency of the PV/T Combine System with
Water and Air as a Cooling Fluid

The performance and effectiveness of the PV/T combine system are
determined based on electrical, thermal and overall efficiency, under different outdoor
environment conditions, solar radiation and ambient temperature. Different water and
air masses flow rates were applied (0.0166,0.033 , 0.05, 0.066, 0.0833) kg/s for water
and (0.0244,0.03167 ,0.0504 ) kg/s for air.

5.3.3.1 Influence of Water Mass Flow Rate
Water was circulated inside the copper pipes that are distributed on the bottom

surface of PV panels for PV/T combine system extracts heat and thus contributes to
lowering the temperature of the PV/T combine system in addition to the air passing
through the upper and lower duct. This contributes to increasing both electrical and

thermal efficiencies and improving system performance.
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a. Electrical Efficiency

The highest amount of electrical efficiency reaching to 13.839% when a solar
radiation was 300 W/m? as shown in Figure 5-15. When solar radiation reached to
1200 W/m? the electrical efficiency was raised from 12.678 % to 13 % as shown in
Figure 5-15 and specified in Table 5-6.
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Figure5-15 Change in electrical efficiency (nelc)with different water mass flow and various
solar irradiance

Table 5- 6 Change in electrical efficiency with base temperature under different solar

mw | 300 (W/m?) | 500 (w/m?) | 700 (w/m?) | 900(w/m?) | 1200(w/m?)
(kgls)

Th | nel Tb | el Th | nel Thb | nel Tb Nel
C) | (%) [(C)| (%) [(C)| (%) |(C)| (%) |(C) | (%)

0.0166 | 43.8 | 13.68 | 48.4 | 13.42 | 52.1 | 12.98 | 54.9 | 12.87 | 57.9 | 12.67

0.033 | 42.4| 13.82 | 449 | 13.65 | 47.7|13.25|50.8 | 13.1 | 55.8 |12.92

005 |[412| 138 | 43 | 13.78 | 46.4|13.38 | 49 | 13.2 535 | 13
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C.Thermal and Overall Efficiency
PV/T combine system feasibility may possibly be determined by overall

efficiency expression (nov), overall efficiency represents the combining of the total
thermal efficiency of the system (n tt) Which includes both the thermal gain resulting
from the process of circulating water inside the thermal water collector (nmw) and
circulating air in the upper and the lower duct of the thermal air collector (n,a) With
the electrical gain of the system (neic). This test was carried out by rotating different
masses of water flow (0.0166, 0.033, 0.05, 0.066, 0.0833) kg/s with a constant air
mass 0.0244 kg/s.

Figure 5-16 and Figure 5-17 show the variation that occurs in both total thermal
efficiency (1t tot) and overall efficiency(nov) expression with increased in water mass
flow rate under different solar radiation ,at lower solar radiation 300W/m? the (nn,tot)
value reached to (18.633, 24.519, 28.738, 29.986, 29.787)% and (nov) reached to
(45.567, 54.923, 66.179, 67.789, 66.947) % under (0.0166, 0.033, 0.05, 0.066,
0.0833) kg/s water mass flow rate as explained in Table 5-7.
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Figure5-16 Variation in total thermal efficiency with different solar radiation and
water mass flow rate
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Figure5-17Variation in overall efficiency with different solar radiation and water
mass flow rate
When the solar irradiance raised to 1200W/m?, the increase has reached to

(30.3, 41.8, 49.475, 50.866, 51.23) % in (1, tt) and to (58.06, 70.87, 82.966, 83.97,
83.26) % in (nov) under (0.0166, 0.033, 0.05, 0.066, 0.0833) kg/s water mass flow
rate. We conclude from the above two figures that the change that occurs in both total

thermal efficiency and overall efficiency after 0.05kg/s is little or almost noticeable.

Table 5- 7 Performance of PV/T combine system for different solar radiation at mw =
0.05kg/s

Case

Solar Radiation (W/m?)

Property
300 500 700 900 1200

Electrical efficiency neic (%) 13.839 | 13.785 | 13.38 | 13.213 | 13.076

Total thermal efficiency Mot (%) | 28.738 | 35.162 | 41.16 | 44.996 | 49.475

Overall efficiency Mov(%) 66.17 | 72.45 76.81 | 79.76 | 82.96
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5.3.3.2 Influence of Air Mass Flow Rate
The best mass flow for water at 0.05kg/s was determined from the previous test at

which the highest change was obtained in both electrical and thermal performance of
the PV/T combine system. However, this test includes the analysis of the performance
of the PV/T combine system by circulating different masses of air at (0.0244, 0.0317,
0.0504) kg/s and constant water mass flow at 0.05kg/s.

a. Electrical Efficiency
Figure 5-18 illustrates when solar radiation increased from 300W/m? t01200

W/m? this leads to a decrease in electrical efficiency from 13.78% to 12.435% when
the air mass flow was 0.0244Kkg/s. when air mass flow rate rising from 0.0244 kg/s to
0.0317 kg/s at 1200 W/m?. This corresponds to reduction in electrical efficiency from
13.07% to 12.811% as shown in Figure 5-18 and as illustrated in Table 5-8.

14.2 e G=300W/m2
=@ G=500W/m2
14.0 - e G=700W/m2
] =y G=900W/m2
G=1200W/m2
13.8- \ ——n
13.6 - —e
3
2 4 \\
= ]
13.0 - —
12.8 -
12.6 : . . . . . .
0.02 0.03 0.04 0.05 0.06
ma (kg/s)
Figure5-18Variation in electrical efficiency with air mass flow rate increase

Table 5- 8 Performance of PV/T combine system for different solar radiation and at mw =
0.05kg/s

m 300 (w/m?) | 500 (w/m?) | 700 (w/m?) | 900(w/m?) | 1200(w/m?)
(kgls)

Tb MNel Tb Mel Tb Mel Tb Mel Tb MNel
(°C) | () | (°C) | () | (°C) | (%) | (°C) | (%) | (°C) | (%)

0.0244 | 41.2 | 13.88 |43 |13.78 | 46.4|13.38 |49 |13.21 |53.5]13.07
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0.0317

43.8

13.76

46.6

13.64

49.7 1 13.23 | 52.7 | 13.056 | 56 | 12.9

0.0504

44.2

13.75

47.3

13.59

50.6 | 13.15 | 53.9 | 12.984 | 57.9 | 12.81

b.Thermal and Overall Efficiency
Figure 5-19 and Figure 5-20 illustrate the reduction that occurs in both total

thermal efficiency (nth, tot) and overall efficiency (nov) with an increase in air mass

flow rate under different solar radiation, where at lower solar radiation 300w/m?2, the
(nth, tot) values reached to (28.738, 22.957,17.62) % and those of (nov) reached to
(66.179, 60.66, 56.249) % under (0.0244 , 0.0317,0.0504) kg/s air mass flow rate as

explained in Table 5-9.

nth,tot% for PV/T combine system
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Figure5-19Total thermal efficiency under different solar radiation and air mass flow
rate
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Figure5-20 Overall efficiency under different solar radiation and air mass flow rate

When the solar irradiance raises to 1200W/m?, the decrease has reached to
(49.475,45.92,40.83) % in (nth, tot) as shown in Figure 5-19 and explained in
Table 5-9, and to (82.966, 80.187, 76.516) % in (nov) under (0.0244 , 0.0317,0.0504)

kg/s air mass flow rate as shown in Figure 5-20 and explained in Table 5-9.

Table 5-9 Performance of PV/T combine system at 1200W/m2 solar radiation and constant
water mass flow mw = 0.05kg/s, with different air mass flow

Case
Propert Air mass flow (kg/s)
perty 0.0244 0.0317 0.0504
Electrical efficiency neic (%) 13.076 12.907 12.811
(%) : : :
Overall efficiency nov(%) 82.96 80.18 76.516

5.3.4 PhotoVoltage Thermal PV/T Combine System with Air and

MWCNT- nanofluid as a Cooling Fluid
PV/T combine system performance test was done by using MWCNT-

nanofluid with 1% volumetric concentration with air instead of water as cooling fluid.

The test was conducted under the same conditions as the PV/T system performance
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test when water and air were used as cooling and at the same outdoor tested

conditions and with the same amount of mass passed for both water and air.
5.3.4.1 Influence of MWCNT- nanofluid Mass Flow Rate Change

Testing the effect of changing the mass of MWCNT- nanofluid on the
electrical and thermal performance for PV/T combine system under (0.0166, 0.033,
0.05, 0.066, 0.083) kg/s MWCNT- nanofluid mass flow rate with constant air mass
flow at 0.0244kg/s. the MWCNT-water offers significant thermal and electrical

energy benefits, making solar systems more efficient and compact [61].
a. Base Temperature (Tb)

Figure 5-21 show the decreased in base temperature (Tb) for PV/T combine
system with an increased in the mass of the MWCNT-nanofluid under different solar
radiation as with water, where at lower solar radiation 300W/m? the (Tb) reached to
(41, 40.6, 39) °Cwith (0.0166, 0.033, 0.05) kg/s MWCNT-nanofluid mass flow rate.

65

—=— G=300W/m2
—=— G=500w/m2
e G=700W/m2
60 g G=900W/m2
G=1200W/m2

35 T T T T T T T T
0.01 0.02 0.03 0.04 0.05 0.06

m MWCNT-nanofluid (kg/s)

Figure5-21 Various in base temperature (Th) with MWCNT-nanofluid mass flow
rate
When the solar radiation increased to 1200W/m? the (Tb) increased and

reached to (55.4, 52.4, 49.3) °C with (0.0166, 0.033, 0.05) kg/s MWCNT-nanofluid
mass flow rate as shown in Figure 5-21 and explained in Table 5-10. Figure 5-21 also

illustrates the decline that occurs in (Tb) for PV/T combine system with water and air
cooling fluid than (Th) for PV/T combine system with hn MWCNT-nanofluid and air
cooling fluid was because MWCNT-nanofluid improves heat transfer due to its higher

thermal conductivity.
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b. Open Circuit Voltage (Voc)

Figure 5-22 illustrates the increase in (Voc) as MWCNT-nanofluid mass flow
increased under different solar radiation as explained in Table 5-10. It also shows that
the highest values for (Voc) were obtained at lower solar radiation 300w/m?, where it
reached to (19.38, 19.4, 19.8) V at (0.0166, 0.033 , 0.05) kg/s. The highest voltage
value was obtained 19.8V at 0.05kg/s.

=== G=300W/m2
19.8 —&— G=500W/m2
] === G=700W/mM2
= G=900W/m2
19.61 G=1200W/m2
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= ]
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g ]
19.0
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18.6
18.4 - . : . . . : , .
0.01 0.02 0.03 0.04 0.05 0.06
m MWCNT-nanofluid (kg/s)
Figure5-22 Variation in (Voc) with various mwcent-nanofluid mass flow rate

When the solar radiation increased to 1200W/m?, the (Voc) decreased and
reached to (18.9, 19.12, 19.35) V under (0.0166, 0.033, 0.05) MWCNT-nanofluid
mass flow rate as shown in Figure 5-22 and as illustrated in Table 5-10.

b. Short Circuit Current (Isc)
Figure 5-23 shows that the reduction in (Isc) as MWCNT-nanofluid mass flow rate

increased, the lower reduction was achieved at 0.05kg/s mwcnt-nanofluid mass flow.
At lower solar radiation 300w/m?, the (Isc) reached to (0.81, 0.68 ,0.51) A at (0.0166,
0.033, 0.05) kg/s as shown in Figure 5-23 and simplified in Table 5-10.
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Figure5-23 Variation in (Isc) with various MWCNT-nanofluid mass flow rate

At higher solar radiation 1200W/m?, the values of (Isc) reached to (3.25, 3.15,
2.94) A at (0.0166, 0.033, 0.05) kg/s as shown in Figure 5-23 and simplified in Table
5-10. The lowest amount of (Isc) was obtained when using the mwcnt-nanofluid and
air as a cooling fluid with PV/T combine system than using water and air. The reason
for this is due to the increase in the thermal conductivity of the MWCNT-nanofluid,
which leads to an increase in the heat extracted and thus reducing the formation of the
electron-hole pair.

Table 5- 10 Characteristics of the PV/T combine system with mwcnt-nanofluid and air under
different solar radiation at mmwecnt = 0.05kg/s

Case

Solar Radiation (W/m?)
Property

300 500 700 900 1200

Ambient temperature T, (°C) 36.2 38.2 42.9 43.7 45.6

Inlet water temperature Tin (°C) 34.7 35.2 37.3 37.5 39.5

outlet water temperature Tout (°C) | 35.2 36.4 394 39.9 42.1

AT =[Tou- Tin] (°C) 0.5 1.2 21 |24 |26

Inlet air temperature Tin (°C) 37.2 40.2 43.7 44.5 46.1

Outlet air temperature Tout (°C) 39.8 42.5 45.6 45.8 46.7
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AT =[Tout- Tin] (°C) 2.6 2.3 1.9 1.3 0.6
Surface temperature Ts (°C) 36.2 37.35 37.6 38.5 40.9
Base temperature Ty (°C) 39 41 422 | 472 |493

Reduction in surface temperature
(°C) 21.03 | 28.95 36.8 46.06 | 47.3

ATs =[Ts pv) - Ts pvim)]

Reduction in base temperature

(°C) 17 24 30.8 34.8 37.7
AT =[To pv) =T pvim)]
Electrical efficiency ne (%) 14.055 | 13.92 13.839 | 13.501 | 13.359

Percentage increase in electrical
efficiency (%)
[nevm - nevl I nev)

8.89 13.17 19.146 | 21.06 | 23.529

Enhance electrical efficiency (%) | 1.1475 | 1.62 2.187 [2.349 |2.544
1) enhance) = (PV/T) - P(PV)

Maximum Power 20.801 | 33.408 | 46.056 | 61.188 | 65.195
Pmax (pvimy (W)
Water pump power consumption

35 35 35 35 35
P(pump) (W)
Air fan power consumption
P(fan) (w) 2.5 2.5 2.5 2.5 2.5

Enhance Power (w)

e [P A8 = -4.301 |-2.112 | 0.9189 | 4.645 |6.4183

Ppump)- P(fan)]

Open circuit voltage Vo (V) 19.7 19.62 19.53 |19.39 |19.31

Short circuit current lsc (A) 0.79 1.31 2.08 2.51 3.27

5.3.4.2 Influence of Air Mass Flow Rate Change
In this test, the effect of the air mass flow rate change is to be recognized on

the PV/T combine system performance with holding the mass of MWCNT -nanofluid
at 0.05kg/s as in using water and air as cooling fluid with PV/T combine system.

a. Base Temperature (Th)
Figure 5-24 shows the increase that occurs in base temperature (Tb) as mass of

air flow increase under different solar radiation and as specified in Table 5-11. It also
shows that the lower (Th) was received at 300W/m? and reached to (39, 41.5 ,42) °C
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at (0.0244, 0.03167, 0.0504) kg/s air mass flow rate as shown in Figure 5-23
and specified in Table 5-11. When the solar radiation increase to 1200W/m?, the (Th)
increased and reached to (49.3, 53.9, 54.4) °C at (0.0244, 0.03167, 0.0504) kg/s air
mass flow rate as shown in Figure 5-24 and specified in Table 5-11. It also shows the
reduction that occurs in (Th) by using MWCNT-nanofluid as cooling fluid compared

to using water for the same masses of air passing at different solar radiation.

05 —s— G=300W/m2
—o— G=500W/m2
60 —d— G=700W/m2
—v— G=900W/m2
G=1200W/m?2
55 +
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& 50 -
=
o]
|_
45 +
/ m—
204 /
35 : : : , . , .
0.02 0.03 0.04 0.05 0.06
ma (kg/s)
Figure5-24 Variation in (Tb) with different air mass flow rate and solar radiation

b. Open Circuit Voltage (Voc)
Figure 5-25 illustrates the reduction that occurs in open circuit voltage (\Voc)

as mass of air passing increased. It also shows that the higher amount of (VVoc) was
received at 300W/m? and reached to (19.9, 19.75, 19.43) V at (0.0244, 0.03167,
0.0504) kg/s air mass flow rate as illustrated in Figure 5-25 and specified in Table 5-
11. At higher solar radiation 1200W/m?, the (Voc) decreased and reached to (19.48,
19.32 ,18.95) Vat (0.0244, 0.03167, 0.0504) kg/s air mass flow rate as illustrated in
Figure 5-25 and specified in Table 5-11.
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Figure5-25 Variation in (Voc) with air mass flow rate

c.Short Circuit Current (lIsc)
Figure 5-26 illustrates the rising that occurs in short circuit current (Isc) as the

mass of air pass increases. It shows the lowest value for (Isc) which was received at
300 W/m? and reached to (0.61, 0.95, 1.59) A at (0.0244, 0.03167, 0.0504) kg/s as
illustrated in Table 5-11. When the solar radiation was raised and arrived to
1200W/m? the (Isc) increased and reached to (3, 3.23, 3.64) A at (0.0244 ,0.03167
,0.0504) kg/s as shown in Figure 5-26 and illustrated in Table 5-11.
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Figure5-26 Variation in (Isc) with air mass flow rate

Table 5- 11Characteristics of the PV/T combine system with mwcnt-nanofluid and air under
1200W/m2 solar radiation at mmwcnt = 0.05kg/s

Case
Air mass flow (kg/s)
Property
0.0244 0.03167 0.0504
Ambient temperature T, (°C) 44.6 48.7 47.6
Inlet water temperature Tin (°C) 38.2 39.9 39.1
outlet water temperature Tout (°C) 40.2 41.6 41.6
AT =[Tout- Tin] (°C) 2 2.2 2.5
Inlet Air temperature Tin (°C) 54.9 54.9 55.5
Outlet Air temperature Tout (°C) 50.7 57 57.1
AT =[Tout- Tin] (°C) 2.3 2.1 1.6
Surface temperature Ts (°C) 38.9 47.3 53.3
Base temperature Ty, (°C) 53.5 56 58.9
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Reduction in surface temperature

50.4 38.9 31.3
ATs =[Ts v) - Tspvm] (°C)
Reduction in base temperature

37.7 27.8 25
ATy =[To pv) —To (Pvm] (°C)
Electrical efficiency ne(%) 13.359 12.907 12.711
Percentage increase in electrical
€[HCIENCYA(%) 23529 | 17.011 | 12.192

[nevm - nevl [ nev)

Enhance electrical efficiency
2.544 1.876 1.687

1) enhance) = (PV/T) - P(PV)

Maximum Power Pmax pvimy (W) 65.195 62.988 62.033
Water pump power consumption

3.5 3.5 3.5
P(pump) (W)
Air fan power consumption

2.5 5 8.45
P(fan) (W)
Enhance Power (W)
P (enhance)=[Pmax(pv/T) ~Pmax(pv) - 6.4183 1.657 -2.715
P(pump)- Pfan)]
Open circuit voltage Voc (V) 19.31 18.9 18.12
Short circuit current lsc (A) 3.27 3.38 3.872

5.3.5 Performance and Efficiency of the PV/T Combine System with

MWCNT-nanofluid and Air as a Cooling Fluid
The thermal and electrical characteristics for PV/T combine system were

investigated by using MWCNT-nanofluid and air with PV/T combine system instead
of water and air as cooling fluid at the same tested conditions and the same masses

flow for both air and water.
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5.3.5.1 Influence of MWCNT-nanofluid Mass Flow Rate Change

In this test, the electrical efficiency, total thermal efficiency, and overall efficiency
are calculated for the PV/T combine system with different mass flow rates (0.0166,
0.033, 0.05) kg/s for MWCNT-nanofluid and constant air mass flow at 0.0244kg/s.

a. Electrical Efficiency
Figure 5-27 illustrates the raised in electrical efficiency with MWCNT-

nanofluid mass flow rate was increased , At 300 W/m? solar radiation indicated the
raised in electrical efficiency from 13.92% to 14.055% with MWCNT-nanofluid mass
flow rate was increased from0.011 to 0.05kg/s .where at 1200W/m? the electrical
efficiency increased from 12.948% to 13.35% as shown in Figure 5-27 and explained
in Table 5-12.

14.2
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14.0 1 e G=700W/mM2
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12.6 T T T T T T T T .
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mMMWCNT-nanofluid (kg)

Figure5-27 Change in (nelc) with different MWCNT -nanofluid mass flow rate

Table 5- 12Variation in base temperature (Th) and electrical efficiency under different solar
radiation and MWCNT-nanofluid mass flow

m 300 (w/m?) | 500 (w/m?) | 700 (w/m?) 900(w/m?) | 1200(w/m?)
(kg/s)

Tb Nel Tb Nel Tbh Nel Tb Nel Tb Nel
°C) | (%) [(C) | (%) [(C) | (%) |(°C) | (%) |(C) | (%)

0.0166 | 41 13.92 | 45.813.596 | 48.1 | 13.25 | 50.9 | 13.06 | 55.4 | 12.948
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0.033 | 40.6 | 13.947 | 43.8 | 13.731 | 46.8 | 13.359 | 49.3 | 13.27 | 52.4 | 13.15

0.05 39 14.055 | 41 13.92 ]42.2 113.609 | 45.6 | 13.5 |49.3|13.35

a.Thermal and Overall Efficiency
Figure 5 -28 and Figure 5-29 show the increase in the total thermal efficiency

(nthtot ) and overall efficiency (nov) for PV/T combine system as MWCNT-nanofluid
mass flow increased reaching to 0.05kg/s. After this, the increment is slight or
insignificant as with water. At lower solar radiation 300w/m? and at (0.0166, 0.033,
0.05, 0.066, 0.0833) kg/s MWCNT-nanofluid mass flow the efficiencies values
reached to (18.977%, 26.709%, 35.977%, 36.868%, 37.81%) for ot and (55.644%,
63.451% ,75.018% ,76.294%,76.986%) for nov. When the solar radiation increased to
1200W/m?, it reached to (28.934%, 41.983%, 56.579%, 59.546%, 60.921%) for
nth,tot as illustrated in Figure 5-28 and specified in Table5-13 ; and (66.22%,78.869%
,92.883% ,93.756% ,94.521%) for nov as illustrated in Figure 5-29 and specified in

Table 5-13.
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Figure5-28 Total thermal efficiency (nth,tot ) with different MWCNT-nanofluid mass
flow rate
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Figure5-29 Overall efficiency with different MWCNT- Nanofluid mass flow rate

Table 5- 13 Performance of PV/T combine system under different solar radiation and at
constant mmwecnt = 0.05kg/s

Case

Solar Radiation (w/m?)

Property
300 500 |700 900 | 1200
Electrical efficiency ne (%) 14.055 | 13.92 | 13.839 | 13.5015 | 13.359
Total thermal efficiency ot | 35 977 | 44,028 | 50571 | 54558 | 56.579
i . . . . .
Overall efficiency Mo(%) 75.018 | 80.169 | 85.013 | 88.362 | 92.883

5.3.5.2 Influence of Air Mass Flow Rate Change
Studying the effect of changing the mass of the air passing on the electrical and

thermal performance for PV/T combine system with maintaining the mass of the
MWCNT-nanofluid passing.

a.Base Temperature (Tb)
Figure 5-30 shown the decreased in electrical efficiency at 300 W/m? reached to

(14.055 %, 13.886%, 13.852%) with (0.0244, 0.03167, 0.0504) kg/s air mass flow
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rate . At higher solar raidation 1200 W /m? the electrical efficiency reached to
(13.359%, 13.049%, 13.015%) respectively as specified in Table 5-14 .
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Figure5-30 Variation in (nelc) with different air mass flow rate

Table 5- 14Performance of PV/T combine system under different solar radiation and
MWCNT-nanofluid mass flow rate

m 300 (w/m?) | 500 (w/m?) | 700 (w/m?) 900(w/m?) | 1200(w/m?)
(kg/s)

Tbh Nel Tb Nel Tb Nel Tb Nel Tbh Nel
°C) | (%) |(C) [ (%) [(C) [ (%) |(C) | (%) |(°C) | (%)

0.0244 | 39 |14.05 | 41 13.92 | 43.2 |13.6 | 45.6 |13.45 | 493 |13.35

0.0317 | 415 | 13.88 | 43.6 | 13.74 | 47.7 |13.38 | 50 13.14 | 53.9 |13.04

0.0504 | 42 13.85 | 44 13.71 | 48.2 | 13.36 | 51 13.09 | 54.4 13

b. Thermal and Overall Efficiency
Figure 5-31 and Figure 5-32 show the reduction that occurs in both thermal

and overall efficiency as air mass flow which was increased. At lower solar radiation
300w/m?, the (nrwtm) arrived to (35.977, 29.817, 14.377) and nov arrived to (75.018,
68.38, 52.856) with air mass flow (0.0244, 0.0317, 0.0504) kg/s respectively, and as
explained in Table 5-15.
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Figure5-32 Variation in (nOV) with different air mass flow rate

When the solar radiation was raised to 1200W/m?, both niot,;n and nov were
increased and reached to (58.579%, 53.71%, 50.706%) for ntot,th @S Shown in Figure 5-
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31 and explained in the Table 5-15, and (92.88%, 86.221%, 83.085%) for nov at
(0.0244, 0.0317, 0.0504) kg/s air mass flow rate as shown in Figure 5-32 and
explained in the Table 5-15.

Table 5- 15Performance of PV/T combine system under different solar radiation and
constant MWCNT-nanofluid at 0.05kg/s

Case
Property Solar Radiation (W/m?)
300 500 700 900 1200
Electrical efficiency neic (%) 14.055 | 13.92 13.609 | 13.501 | 13.359

Total thermal efficiency Mot (%) | 35.977 | 44.02 50.571 | 54.558 | 58.579

Overall efficiency Mov(%) 75.018 | 81.695 | 85.013 | 88.362 | 92.88

5.4 Energy and Exergy Analyses
In thermodynamics, the greatest potential beneficial work performed during a

process to put a system into thermal equilibrium is called exergy. Exergy, in other
words, is the greatest ability of energy to do meaningful work. As a system
approached equilibrium, it is the difference between the system's total energy and the
energy that is not available (e.g. losses).

5.4.1 Effect of Change Masses Flow (Water, MWCNT-nanofluid )
on Power Generation

5.4.1.1 Effect of Change Masses Flow (Water, MWCNT-nanofluid )
on Power Generation at Constant Air Mass Flow

a. Electrical Power
Figure 5-33 and Figure 5-34 show the increase in electrical Power generation as the

mass flow rate increased for both (water, MWCNT-nanofluid) . At lower solar
radiation 300 W/m?, the electrical Power generation reached to (17.09, 17.143,
18.938) W at (0.0166, 0.033,0.05) kg/s for PV/T combine system with water as
illustrated in Figure 5-33 and specified in Table 5-16, and reached to (18.804,
19.517,20.801)W, at (0.0166 ,0.033 ,0.05) kg/s for PV/T combine system with
MWCNT-nanofluid as shown in Figure 5-33 and specified in Table 5-16.
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At 1200W/m?, the electrical Power generation increased and arrived to
(61.758, 62.054, 63.812) W at (0.0166, 0.033, 0.05) kg/s for PV/T combine system
with water as shown in Figure 5-33 and specified in Table 5-16, and it reached to

(63.186, 63.543, 65.195) W at ( 0.0 66 ,0.033 ,0.05 ) kg/s for PV/T combine
system with MWCNT-nanofluid as shown in Figure 5-34 and specified in Table 5-16.
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b. Thermal Power
Figure 5-35 and Figure 5-36 explain the increase in the thermal energy

generation as mass flow rate increased for both (water, MWCNT-nanofluid). At lower
solar radiation 300 W/m?, the thermal energy generation reached to (26.5, 45.784,
66.368, 70.149, 74.874) W at (0.0166,,0.033 0.05, 0.066, 0.0833) kg/s for PVIT
combine system with water as shown in Figure 5-35 and specified in Table 5-16, and
reached to  (35.604, 66.088, 93.901, 100.154, 106.96) W at
(0.0166,0.033,0.05,0.066,0.0833) kg/s for PV/T combine system with MWCNT-

nanofluid as shown in Figure 5-36 and specified in Table 5-16.
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Figure5-35Thermal power generation with different water mass flow rate
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At higher solar radiation 1200W/m?, the electrical energy generation raised
and arrived to (148.426, 211.73, 255.403, 261.105, 273.037) W at (0.0166, 0.033,
0.05, 0.066, 0.0833) kg/s for PV/T combine system with water as shown in Figure 5-
35 and specified in Table 5-16. It reached to (184.429, 250.775, 302.728, 318.288,
330.503) W at (0.0166 ,0.033 ,0.05 ,0.066, 0.0833) kg/s for PV/T combine system
with MWCNT-nanofluid as shown in Figure 5-36 and specified in Table 5-16.

Table 5- 16 Power analysis for PV/T combine system with MWCNT-nanofluid and PV/T
combine system with water and PV module at ma=0.0244kg/s and at solar radiation 1200

W/m?
Mass PV/T combine with PV/T combine with PV module
flow MWCNT-nanofluid and water and air
(kg/s) air
Thermal Electrical | Thermal | Electrical | Thermal | Electrical
Power Power Power Power Power Power
(W) (W) (W) (W) (W) (W)
0.0166 | 184.429 63.186 148.426 | 61.758 - 52.742
0.033 | 250.775 63.543 211.73 | 62.054 - 52.742
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0.05 302.728 65.595 255.403 | 63.812 - 52.742
0.066 | 318.288 - 261.105 | - - 52.742
0.0833 | 330.503 - 273.037 | - - 52.742

5.4.1.2 Effect of Air Mass Flow Change on Power Generation

a. Electrical Power
Figure 5-37 and Figure 5-38 show the decrease in the electrical energy

generation as air mass flow rate increased. At 300 W/m?, the electrical energy
generation reached to (18.938, 18.057, 17.021) W at (0.0244, 0.031, 0.0504) kg/s for
PV/T combine system with water as shown in Figure 5-37 and specified in Table 5-
17. It reached to (20.8,19.66,18.5) W at (0.0244, 0.0317 ,0.0504) kg/s for PV/T
combine system with MWCNT-nanofluid as shown in Figure 5-38 and specified in

Table 5-17.
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Figure5-37 Electrical power generation with different air mass flow rate
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At higher solar radiation 1200W/m? electrical energy generation increased and
it arrived to (63.812, 62.988, 62.033) W at (0.0244 , 0.0317,0.0504) kg/s air mass
flow rate for PV/T combine system with water as shown in Figure 5-37 and specified
in Table 5-18. It reached to (65.195, 63.68, 63.515) W at (0.0244,0.0317,0.0504) kg/s
air mass flow rate for PV/T combine system with MWCNT-nanofluid as shown in
Figure 5-38 and specified in Table 5-17.

b. Thermal Power
Figure 5-39 and Figure 5-40 explain the decrease in the thermal power

generation as air mass flow rate increased. At lower solar radiation 300 W/m?, the
thermal power generation reached to (66.368, 28.051, 24.263) W at (0.0244, 0.0317,
0.0504) kg/s for PV/T combine system with water as shown in Figure 5-39 and
specified in Table 5-17. It reached to (93.901, 44.498, 23.924) W at (0.0244, 0.0317,
0.0504) kg/s for PV/T combine system with MWCNT-nanofluid as shown in Figure
5-40 and specified in Table 5-17.
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Figure5-40 Thermal power generation with different air mass flow rate

At higher solar radiation 1200W/m?, the thermal power generation raised and
it arrived to (245.403, 225.526, 212.586) W at (0.0244 ,0.0317 ,0.0504) kg/s for PV/T
combine system with water as shown in Figure 5-40 and specified in Table 5-17. It
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reached to (302.728,254.881, 236.817) W at (0.0244, 0.0317, 0.0504) kg/s for PVIT
combine system with MWCNT-nanofluid as shown in Figure 5-40 and specified in
Table 5-17.

Table 5- 17Power analysis for PV/T combine system with MWCNT-nanofluid and PV/T
combine system with water and PV module at rh = 0.05kg/s and at 1200 W/m2 solar

radiation
Air mass PV/T combine with PV/T combine with PV module
Water mass
Flow rate MWCNT-nanofluid
(kgls)
Thermal Electrical | Thermal Electrical Thermal Electrical
Power Power Power (W) | Power (W) | Power Power
(W) (W) (W) (W)
0.0244 302.728 | 65.195 255.403 63.812 - 52.777
0.0317 | 254.881 |63.68 225526 | 62.988 - 52.777
0.0504 236.817 | 63.515 212.586 62.033 - 52.777

5.4.2. Effect of Changing Masses Flow on Exergy Generation for
PV/T Combine System

5.4.2.1 Effect of Changing (Water, MWCNT-nanofluid ) Mass Flow
on Exergy Generation

a. Electrical Exergy

Figure 5-41 and Figure 5-42 show the increase in the electrical exergy generation as
mass flow rate increased for both (water, MWCNT-nanofluid) . At 300 W/m?, the
electrical exergy generation reached to (17.165, 17.021, 17.998) W at (0.0166, 0.033,
0.05) kg/s for PV/T combine system with water as shown in Figure 5-41 and specified
in Table 5-18. It reached to (17.2, 17.392, 20.652) W at (0.0166, 0.033,0.05) kg/s for
PV/T combine system with MWCNT-nanofluid as shown in Figure 5-42 and
specified in Table 5-18.
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At 1200W/m?, the electrical exergy generation raised and arrived to (61.29,
62.59, 63.344) W at (0.0166, 0.033, 0.05) kg/s for PV/T combine system with water
as shown in Figure 5-41 and specified in Table 5-18. It reached to (62.715, 63.073,
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64.185) W at (0.0166, 0.033, 0.05) kg/s for PV/T combine system with MWCNT-

nanofluid as shown in Figure 5-42 and specified in Table 5-18.

b.Thermal Exergy

Table 5- 18 indicates that the thermal exergy of the PV/T combine system is
much less than its electrical exergy, and this shows that electrical energy is of greater
quality than thermal energy. The highest value of thermal exergy is reached when the
solar radiation increases. At 1200 W/m? solar radiation, the thermal exergy reached to
(-3.939, -4.373, -4.771, -6.989, -8.06) W for PV/T combine with MWCNT-nanofluid
and (-3.04, -4.05, -4.068, -6.265, -7.429) for PV/T combine with water under (0.0166,
0.033, 0.05, 0.066 ,0.0833) kg/s mass flow for both MWCNT-nanofluid and water.

Allusion regarding the negative signal showing in the thermal exergy appears due to
the temperature difference between the fluids circulating within the PV/T combine
system and the ambient temperature. This leads to reversing the thermal losses
direction from the ambient to the system, because the temperature of the fluid passing
inside the pipes is lesser than the ambient temperature through the testes.

Table 5- 18Exergy analysis for PV/T combine system with MWCNT-nanofluid and PV/T
combine system with water and PV module at rha = 0.05kg/s and at 1200 W/m2 solar

radiation
Mass PV/T combine with | PV/T combine with PV module
) Water mass

Flow rate | MWCNT-nanofluid
(kg/s) Thermal | Electrical | Thermal | Electrical Thermal | Electrical

Exergy | Exergy Exergy Exergy (W) | Exergy Exergy

(W) (W) (W) (W) (W)
0.0166 | 3939 (62715 |-3.041 |62204 |- 52.616
0.033 | .4373 |63.073 |-4.050 |62.59 ] 52.616
0.05 4771 |64.716 | -4.0688 |63.344 |- 52.616
0.066 -6.989 |- -6.265 | - ) 52.616
0.0833 -8.061 |- -7.429 | - ) 52.616
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5.4.2.2 Effect of Air Mass Flow Change on Exergy Generation

a. Electrical Exergy

Figure 5-43 and Figure 5-44 show the decrease in the electrical exergy generation as
air mass flow rate increased. At 300 W/m?, the electrical exergy generation reached to
(18.257, 17.29, 16.899) W at (0.0244, 0.0317, 0.0504) kg/s for PV/T combine system
with water as shown in Figure 5-43 and specified in Table 5-19. It reached to (20.65,
19.52, 18.355) W at (0.0244, 0.0317, 0.0504) kg/s for PV/T combine system with
MWCNT-nanofluid as shown in Figure 5-44 and specified in Table 5-19.
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Figure5-43 Electrical exergy generation with different air mass flow rate
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At 1200W/m?, the electrical exergy generation arrived to (63.344, 62.033,
60.615) W at (0.0244, 0.0317, 0.0504) kg/s for PV/T combine system with water as
shown in Figure 5-43 and specified in Table 5-19. It reached to (64.185, 63.327,
62.287) W at (0.0244, 0.0317, 0.0504) kg/s for PV/T combine system with MWCNT-
nanofluid as shown in Figure 5-44 and specified in Table 5-19.

b.Thermal Exergy

Table 5-19 shows that the thermal exergy of the PV/T combine system decreased as

air mass flow rate increased. At 1200 W/m? solar radiation, the thermal exergy
reached to (-4.771, -5.504, -6.862) W for PV/T combine with MWCNT-nanofluid
and (-4.068, -5.026, -6.764) for PV/T combine with water under (0.0244 ,0.0317
,0.0504) kg/s air mass flow.

Table 5- 19 Exergy analysis for PV/T combine system with MWCNT-nanofluid and PV/T
combine system with water and PV module at mw = 0.0504kg/s and at 1200 W/m2 solar

radiation

Air
mass
Flow

PV/T combine with
MWCNT-nanofluid

PV/T combine with
Water mass

PV module
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rate Thermal | Electrical | Thermal Electrical Thermal Electrical
(kg/s) | Exergy | Exergy Exergy Exergy Exergy Exergy
(W) (W) (W) (W) (W) (W)
0.0244 | .4.771 |64.185 |-4.068 |63.344 - 53.431
0.0317 | .5504 |63.327 |-5.026 |62.033 - 53.431
0.0504 | .6.862 |62.287 |-6.764 |60.615 - 53.431

5.5 Exergy Efficiency

Figure 5-45 and Figure 5-46 illustrate the effect of various fluids mass flow rate
(Water, MWCNT-nanofluid) on the exergy efficiency of the PV/T combine system. It
shows that the exergy efficiency increased with the increase in fluids mass flow
(Water, MWCNT-nanofluid). At lower solar radiation 300 w/m? the exergy
efficiency reached to (13.456, 13.624, 14.061) % for PV/T combine system with
water as shown in Figure 5-45, and reached to (13.625 ,13.711 14.225) % for PV/T
combine system with MWCNT-nanofluid as shown in Figure 5-46, at (0.0166 , 0.033

, 0.05)kg/s mass flow rate for (Water, MWCNT-nanofluid) and constant air mass flow

at 0.0244kag/s.
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Figure5-45 Exergy efficiency variation with water mass flow rate and solar
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When the solar radiation increased to1200 W/m?, the exergy efficiency

increased and reached to (13.69, 13.875, 14.492) % for PV/T combine system with
water as shown in Figure 5-45, and to (13.857, 14.109,14.685 ) % for PV/T combine
system with MWCNT-nanofluid as shown in Figure 5-46, at (0.0166 ,0.033, 0.05)
kg/s mass flow rate for (Water, MWCNT-nanofluid) and constant air mass flow at
0.0244 kgls.
Figure 5-47 and Figure 5-48 illustrate the effect of various air mass flow on the
exergy efficiency of the PV/T combine system with constant (Water, MWCNT-
nanofluid) mass flow rate at 0.05 kg/s. It shows that the exergy efficiency decreased
with the increase in air mass flow rate. It also shows that at lower solar radiation 300
w/m?, the exergy efficiency reached to (14.061, 13.695, 13.654) % for PV/T combine
system with water as shown in Figure 5-47, and to (14.685, 13.702, 13.693) % for
PVI/T combine system with MWCNT-nanofluid as shown in Figure 5-48 at
(0.0244, 0.0317, 0.0504) kg/s air mass flow rate for both PV/T combine system with
water and PV/T combine system with MWCNT-nanofluid .
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When the solar radiation increased to 1200 W/m?, the exergy efficiency
increased and reached to (14.49, 13.93, 13.85) % for PV/T combine system with
water as shown in Figure 5-47, and (14.68,14.1,14.01) % for PV/T combine system
with MWCNT-nanofluid as shown in Figure 5-48 at (0.0244, 0.0317, 0.0504) kg/s air
mass flow rate for both PV/T combine system with water and PV/T combine system

with MWCNT-nanofluid.
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Chapter Six
Conclusions and Recommendations

for Future Projects

6-1 Conclusions

From numerical and practical study were conducted on the PV/T combine
system, the following conclusions were obtained:

1-The diameter of the pipes works effectively by contributing to the reduction in the
temperature of the PV panel, where the simulation results for a Comsol program
showed the lowest distribution of base temperature for PV panel when using cupper

pipe with 8mm inner diameter.

2-Increasing the number of pipes that are distributed under the PV panel contributes
to increasing the contact area, which provides the largest area for heat exchange,
where the simulation results showed that the best temperature distribution was

achieved at 16 pipes number.

3- The mass flow rate has a significant impact on the PV/T combine system cooling,
including the base temperature (Tb). Increment in air and water mass flow or air and
MWCNT-nanofluid mass flow as a result of the volume entering the system will
increase and take the heat away from the PV/T combine system. This also lowers the
base temperature (Tb) of the PV/T combine system. The highest temperature
reduction obtained was at 0.0244kg/s mass flow rate for air and 0.05kg/s for water
and MWCNT-nanofluid mass flow with both PV/T combine with air and water and
PV/T with air and MWCNT-nanofluid.

4- The practical tests showed that the PV/T combine system with MWCNT-nanofluid
and air as cooling fluid has a higher improvement in the electrical efficiency than
PV/T combine system with water and air in comparison with traditional PV panel.
The amount of improvement in the electrical efficiency was 21.667% for PV/T
combine with air and water as a cooling fluid when the base temperature(Tb) was

lowered from 89.3°C to 53.5°C. The electrical efficiency increased from 10.747%
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t013.076 % for PV/T combine system with water and air. The rate of improvement in
the electrical efficiency was 23.529% when the base temperature (Tb) was lowered
from 87°Cto 49.3°Cand it increased from 10.815% to 13.359% for PV/T with air and
MWCNT-nanofluid as a cooling fluid.

5- Also, the practical tests showed the improvement in the thermal performance of the
PV/T combine system with MWCNT-nanofluid and air compared to the thermal
performance of the PV/T combine with water and air. Each of the generated heat
energy, total thermal efficiency ,overall efficiency and exergy efficiency for PV/T
combine reached to 302.728W, 56.579%, 92.883%, 14.685% respectively with
MWCNT-nanofluid and air and 235.403W, 49.475% 82.966%,14.492% for PV/T
combine with water and air as a cooling fluid.

6- Due to the presence of phase changing materials(PCM) the difference in
temperature continued for an hour after sunset for both the air and the outside water.

6-2 Recommendations for Future Projects

For future projects, the following suggestions are offered:

1- Employing other kinds of PCM with additives, where it is possible to add
nanoparticles that improve heat transfer and draw the largest amount of heat from
the base surface of PV solar panel for PV/T combine system.

2- Employing MWCNT with different concentrations, in addition to using other
types of nanofluids such as Cuo ,Sio ,Tio.

3- Circulating the water leaving the PV/T combine system inside a heat exchanger
that is placed inside a thermally insulated tank for several cycles. It works to raise
the temperature of the water inside the tank and can be used later for domestic
uses.

4- Using a thermally insulated hose to introduce hot air outcome from the PV/T
combine system into a thermally insulated chamber, where it works to warm the

air inside the room and may be utilized for drying applications.
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LIST OF APPENDICES

APPENDIX TITLE

A : Specifications of the PCM

B - Specifications of the ultrasonic water bath (Elmasonic
P180H)

C . Specifications of the data logger (model AT-4532)

D : Specifications of the Pyranometer (model

TENMARS TM 207)

E . Calibration of the Pyranometer (Solar  meter)
F . Calibration of K-type thermocouples provided from the
test with Hg-thermometer
A : Specifications of the PCM

Details Specifications

Type Paraffin wax

Melting point, Tm (°C) 38-43

Heat of fusion/kJ kg-1 165

Quantity/kg 8.5

Density/kg m-3 880 for solid,770 for liquid
Specific heat/kJ kg-1 K-1 2

Thermal conductivity k for-liquid | 0.2

and solid W/m. K
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B : Characteristics of the ultrasoni

¢ water bath (Elmasonic P180H)

Property

Value

Mains voltage

115-120V /220 - 240 V

Ultrasonic frequency 37/ 80 kHz

Power consumption total P180H | 1330 W
Ultrasonic power effective 330 W

Ultrasonic peak performance 1320 W

max.

Heating power 1000 W

Unit outer dimensions W/D/H 3.90/3.40/3.21 cm
Tank internal dimensions W/D/H | 327 / 300 / 200 cm
Basket internal dimensions 280/250/115cm
W/D/H

Max. filling volume tank 12 liter

Weight 8.5kg

Material tank

stainless steel V2A

Material casing

stainless steel V2A

Drain 3/8«
CE-compliant N
Protection class IP 20
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Sound pressure level (LpAU) * | 62 /58
(dB)

Ultrasonic sound level (LpZ) ** |96/ 87

(dB)
C: Characteristics of the data logger (model AT-4532)
Property Value
Thermocouple JJK, T,E,S,Nand B
compatibility
Accuracy 02%+1°C
Range From -200 °C to 1300 °C
(varies depending on thermocouple)
Resolution 0.1°C
Channels 32-channel thermocouples
Speed Fast: 100 ms /channel
Medium: 500 ms /channel
Low: 1ms /channel
Correction Error correction for each channel
Comparator High and low beep
High and low value setting individually
for each channel
Interface U-disc interface
RS232C interface
Mini USB (virtual serial port)

D: Characteristics of the Pyranometer (model TENMARS TM 207)

Property Value
Range From 0 to ~2000 W/m?
Temperature Error +0.38 °C
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Drift < £ 2% per year
Accuracy +10 W/m? or £ 5 %
Sampling Time 0.25 Second

Operating Temperature

From 0°C to 50°C

Spectral response

400 nm - 1100 nm

Humidity <80 % RH
Weight 0.5 kg
Dimensions W/D/H 22.5cm/15.75cm/4.75 cm
Battery 1pcs 9V
E: Characteristics of the Anemometer
Property Value

Range of velocity

From 0.4 m/s to ~30 m/s

Range of temperature From 0 °C to 50 °C
Accuracy +2 %

Display 10mm(0.4") 4-digits LCD
Operating temperature From 0 °C to 50 °C
Humidity <85 % RH

Weight 0.3 kg

Resolution 0.1 (m/s, km/h and ft/min)

Device screen

Large LCD display for easy viewing (4
digits of 10 mm).
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Dimensions W/D/H

14.1/7.1/3.2cm

Power Supply

1x9V6F22

Sensor head

7.2 cm Diamete

r

F : Calibration curve of thermocouples

y =1.003x+ 0.1901
120
U
o 100 99.66857143,100
£
®
2 80 79.54857143,80 —
1
Q
17
E 60 59.64928571, 60
E
@
< 40 39.43785714,40
@
o
c
g 20 19.54785714,20
0
0 20 40 60 80 100 120
Calibration Thermocouple
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ABSTRACT

This paper presents an enhancement structure of a photovoltaic-thermal (PV/T) solar collector
merged a PV panel with a sheet and tube water thermal collector and a double pass single
duct air channel as the air thermal collector with a lot of additives PCM, Porous Media and
MWCNT-nanofluid. In addition to the electrical power generated, this sort of collector allows
both hot air and water to be produced and mereasing the overall efficiency per unit arca
compared to the traditional PV/T separate systems. The use of both fluids (combine) allows
for a larger range of thermal applications and allows for the use of hot air or water depending
on energy demands and purposes. The electrical and thermal performance i additional to
exergy and energy analysis of the PV/T Combine System was mvestigated under tow mode of
flusd flow air and water and air and MWCNT-nanofluid . From the experimental result the
average daily reduction i PV pane] surface temperature was 22°C and 28°C and the average
datly improvement in electrical efficiency, total thermal efficiency achieved and overall
effictency was 12.8% 43.16% ,79.9% and 16.488% ,56.25%, 93.644% respectively, for PV/T
combine system with water and air and PV/T combine system with MWCN-nanofluid and
air a8 a cooling fluid. the total thermal energy gained reached and the average daily exergy
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