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Abstract-ThepoweroutputofPVmodulesingeneraldependsonthemetrologicalparameterslikeirradiance,temperatureand

humidityappliedoneachmodule.Howeverthemodulesareratedatthestandardtestconditions(STC)of1000W/m2,AM 1.5anda
moduletemperatureof25oC,buttheseconditionsdonotrepresentwhatistypicallyexperiencedunderoutdooroperation.Solar
cellswiththesameefficiencymeasuredinthelabcangenerateasignificantlydifferentamountofelectricitywhenexposed
outdoors.Forthesereasons,therearemanyregionalbasedstudiesconductedintheworld.Thisresearchpresentsacomparative
studyoftwophotovoltaicmoduletechnologiesconductedundertheenvironmentalconditionsofBirninKebbi,KebbiState(Nigeria).
Thestudyconsidersmonocrystalline(c-Si)andpolycrystalline(mc-Si)siliconmodules.TheI-Vcharacteristicsofthemoduleswere
measuredatregularintervalbasedontheresistiveloadtechniques,duringthetestperiod:June,2018toOctober,2018.The
irradiance,ambientandcelltemperaturesofthemoduleswerealsomeasured.Thedaily,monthlyandthetotalenergygenerated
overthetestperiodaswellasefficienciesandperformanceratioswerecalculated.Performanceratioswerefoundoutas45.50%
and36.70%andtheefficienciesas7.60%and6.30%forc-Siandmc-Simodulesrespectively.Totalenergygeneratedwas12.10kWh
and10.54kWhinthesameorder.

Keywords:Efficiency(ƞ),Irradiance(G),Monocrystalline(c-Si),PerformanceRatio(PR),Polycrystalline(mc-Si),Temperature.

——————————  ——————————

1.0Introduction

Energy security is one ofthe mostdiscussed
topicstodayamong thereaders.Fordeveloped
nations,thegrowthofenergyconsumptionis1%
peryear,whilefordevelopingnationsitisaround
5%peryear.Nowinordertomaintainthegrowing
energy need there is a need to shift from
conventionalsourceofenergytorenewableenergy,
which are sustainable and environmentfriendly
(Siddiquietal.,2016).The energy demand is
increasing worldwide with increasing population
andeconomicdevelopment.Atpresent,theenergy
generationledbyconventionalenergysourceshas
a severe impact on environmentalconditions,
energysecurityduetofasterdepletionoffossil
fuels(Kumar& Kumar2017).Thefinitenessof
fossilfuelsandtheireffectonclimatechangehas
encouraged the search forsustainable energy
technologies. One of these technologies is
photovoltaics (PV),i.e.,solarcellsystems for
producing electricpower(Rode& Weber2016).
Nowadays,photovoltaics(PV)arethemostwide-
spreadsolarenergysystem worldwide(Almonacid
etal.,2016).Amongallrenewableenergysources,
solarenergyisgainingextensiveinterestallaround
theworld,becausethesunisthemostabundant
energysourceabletosatisfytheenergydemandof
thewholeworld(Kumar&Kumar2017).

PresentlyPVhasbecomethethirdmostimportant
renewable energy source afterhydro and wind

power.By the end of2014,the terrestrialPV
systemsinstalledallovertheworldhadatotal
capacity of over 150 GW (Ju et al.,2017).
Since2008therehasbeenarapiduptakeofsmall-
scalesolarPVsystemsonhouseholdrooftops.In
five years from 2008 to 2013 the numberof
Australians installing solar photovoltaic(PV)
technologygrew from 8000 to morethan one
million(Sommerfeldetal.,2017).

Renewable energy sources are considered as
alternativeenergysourcesdueto environmental
pollution,globalwarminganddepletionofozone
layercaused bygreen house effect.The Earth

receivesabout3.8×1024 Jofsolarenergyonan
averagewhichis6000timesgreaterthantheworld
consumption. Solar energy is most readily
availablesourceofenergy.Solarenergyisnon-
polluting and maintenance free (Shukla etal.,
2016).NormaloperationofPV modulesusually
differsfrom STC,workingoverawiderangeof
temperatures,irradiance,andspectra(Poloetal.,
2017).

Themajorshareofthesolarradiationincidenton
the PV module doesnotcontribute to produce
power.Only5–20%oftheincidentsolarenergyis
convertedintoelectricity,dependingonthePVcell
technology.Theremainingenergyisconvertedinto
heatandaffectsthecurrentdensityversusvoltage
characteristicsofthe PV module which in turn
reduceitselectricalpowerconversionefficiency
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(Islam etal.,2016).Photovoltaicsisthefieldof
technologyand research related to the devices
whichdirectlyconvertsunlightintoelectricity.The
solarcellistheelementarybuildingblockofthe
photovoltaictechnology.Solarcellsaremadeof
semiconductormaterials,suchassilicon.Oneof
thepropertiesofsemiconductorsthatmakesthem
mostusefulisthattheirconductivitymayeasilybe
modifiedbyintroducingimpuritiesintotheircrystal
lattice(Commission2009).

ThemostestablishedsolarPV technologiesare
silicon based systems (Ellabban etal.,2014).
Almostallsolarcellsthathavebeenpreviously
usedintheterrestrialandspacemissionshave
beenthep-n junctionsiliconvariety(Musa2010).
Siliconsolarcellscontainingboronandoxygenare
oneofthemostrapidlygrowingformsofelectricity
generation.However,theysufferfrom significant
degradationduringtheinitialstagesofuse.This
problem hasbeenstudiedfor40yearsresultingin
over250researchpublications(Contrerasetal.,
2019).

PRisanindicatoroflossesresultingfrom inverter
problems,wiring,shading,cellmismatch,reflection,
outages,moduletemperaturesetcThe
temperatureofthestudyenvironmentaffectsthe
PRofthemodulesetc.(Khalidetal.,2016).
In designing anypowergeneration system that
incorporatesphotovoltaics(PV)thereisabasic
requirementtoaccuratelyestimatetheoutputfrom
theproposedPVarrayunderoperatingconditions.
PVmodulesaregivenapowerratingatstandard

testconditions(STC)of1000Wm-2,AM1.5anda
moduletemperatureof25oC,buttheseconditions
do notrepresentwhatis typically experienced
underoutdooroperation(Carr&Pryor2004).
Severalstudieshavefocusedontheknowledge,
foragivennaturalenvironment,ofthephotovoltaic
technology that provides the best trade-off
between thecostand theperformancesofthe
module(Tossaetal.,2016).

Thisstudyisthusaimedatthecomparativestudy
ofbothtypesofsiliconsolarmodulestodetermine
whichwillbebestsuitedforuseinthegenerally
hotenvironmentofKebbiState,Nigeria.

1.1StudyLocation

Birnin-KebbiisthecapitalofKebbiStateinNorth
WesternNigeria.ItfallswithinLatitude12.4539°N
and Longitude 4.1975°E ofthe equator.Birnin-
Kebbi is a tropical region with an average
temperature of 32oC. It is characterized by
seasonalrainfallwhichusuallycommenceinApril
andlasttoOctober,thoughwithheavyrainfallin

JulyandAugust(Ogunbajoetal.,2015).

Fig1.MapofNigeriashowingKebbiState(Ismail&Oke
2012).

Fig.2.MapofKebbiStateshowingBirninKebbi(Ogunbajoet
al.,2015).

2.0ReviewofPreviousWorks

Severalstudieshavefocusedontheknowledge,
foragivennaturalenvironment,ofthephotovoltaic
technology that provides the best trade-off
between thecostand theperformancesofthe
module(Tossaetal.,2016).
Balaskaetal.,(2017)carriedouttheperformance
assessmentoffivedifferentphotovoltaicmodule
technologiesunderoutdoorconditionsinAlgeria:
copper indium selenide (CIS),monocrystalline
heterojunction with intrinsic thin layer (HIT),
tandem structure of amorphous silicon and
microcrystalline silicon (a-Si_μc-Si), multi-
crystallineand mono-crystallinebackcontact.It
was found that the HIT and the a-Si_μc-Si
performedmuchbetterthantheothertechnologies.
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Eliboletal.,(2017)analyzed differentPV panel
types: monocrystalline, polycryastalline and
amorphoussiliconat DüzceUniversityScientific
and Technological Research Application and
Research Centre (DUBİT)in Düzce Province,in
Turkey.Performanceratioswerefoundoutas73%,
81% and91% fora-Si,polycrystallineandmono-
crystallinePVpanels,respectively.Panelefficiency
wascalculatedas4.79%,11.36%and13.26%inthe
sameorder.
Siddiqiet al.,(2016) compared five different
technologiesforsolarPV (Photovoltaic)outdoor
performanceusingindooracceleratedagingtests
forlongterm reliability:Mono,Multi,a-Si,CdTeand
CIGS.The study established the performance
dominanceofc-Si(Mono)technologyoverallthe
thinfilm technologiesbasedonstresstestsand
evaluationthroughtherepeatedmeasurementof
maximum Power,module efficiency and cell
efficiency.
Tossa etal.,(2016) studied the performance
comparison of four photovoltaic technologies
underhotand harsh climate ofOuagadougou,
Burkina Faso. The modules includes: one
monocrystalline(c-Si),two polycryastalline(p-Si)
from differentmanufacturers and one tandem
structureofamorphous/microcrystalline(a-Si/µc-
Si).Theresultsshowedthatthemicromorphous
module presents the bestperformance on the
selectedsite,withanaverageperformanceratioof
92%.
Bianchinietal.,(2016)revealedtheperformance
analysis and economic assessmentofdifferent
photovoltaictechnologiesbasedonexperimental
measurementsatHEnergialocatedintheindustrial
area of Forli, Italy. The study analyzed
Heterojunction with Intrinsic Thin layer (HIT),
polycrystalline(polic-Si),cadmium telluride(CdTe),
amorphoussiliconwithmicrocrystallinesilicon(a-
Si/µc-Si),andtriple-junctionIII-Vgallium arsenide
cells(GaAs). Thestudyshowedthatpoli-Siwith
solartracking system wascharacterized bythe
highestenergyproductionforeachmonthandif
only the fixed installations are considered,the
energyyieldswerequitesimilarintheautum and
winterperiods,while in the summertime the
performanceofthinfilm technologies,i.e.(CdTe)
and(a-Si/µc-Si),ishigherthanHITandpolic-Si.
Aste et al., (2014) carried out performance
comparisonofthreedifferentPVtechnologiesin
temperateclimates.Thetestedtechnologiesare:
crystallinesiliconcells(c-Si),micromorphouscells
(a-Si/µc-Si)andheterojunctionwithintrinsicthin
layer (HIT) cells.According to the study the
averageannualPR ofthethreetechnologiesis
quitesimilar,withamaximum valuefor
HITtechnology(96%),andlowervaluesforthec-Si
(93%)anda-Si/µc-Simodules(91%).However,in

warmermonthsmicromorphousa-Si/µc-Sisilicon
cells,infact,achieveaperformancehigherthan
theothertechnologiestested.
Başoğluetal.,(2015)analyzedtheperformanceof
differentphotovoltaicmoduletechnologiesunder
İzmit,Kocaeliclimatic conditions,Turkey.The
analyzed modules are: crystalline(c- Si),
multicrystalline (mc-Si) and cadmium–telluride
(CdTe)modules.The study accepted CdTe as
morereliablearrayunderİzmitclimaticcondition
andthemeanvaluesofPRsare83.8%,82.05%and
89.76% for mc-Si, c-Si and CdTe arrays,
respectively.
Carr&Pryor(2004)comparedtheperformanceof
differentPVmoduletypesintemperateclimateof
Perth,WesternAustralia.Themodulesexaminedin
this study are:crystalline silicon (c-Si),laser
groovedburiedcontact(LGBC)c-Si,polycrystalline
silicon(p-Si),triplejunctionamorphoussilicon(3ja
-Si) and copper indium diselenide (CIS).The
superiormoduleinthisanalysisistheLGBCc-Si
module BP585,with efficiency values between
11.5%and12.5%.
Peters etal.,(2018)found thatmaterials with
smallerbandgapsaregenerallymoresensitiveto
temperatureandprecipitablewater,andperform
relativelybetterin cold and drylocations,e.g.,
mountainrangesandtemperateclimates(northern
NorthAmerica,northernAsia,andhighmountain
ranges including the Andes and Himalayas).
Materialswithlargerbandgapsperform relatively
betterinhotandhumidlocations,e.g.,tropicsand
subtropics (South America,Africa,the Arabian
Peninsula,India,South and SoutheastAsia,the
southernUnitedStates,andpartsofChina).Similar
performancefordifferenttechnologiesisfoundin
temperateregionsinEurope,centralAsia,central
UnitedStates,andJapan.

2.1TheoriticalBackground
Thedirectconversionofsunlighttoelectricityis
likelytobeaprimeenergysourceforthefuture
assumingthatthepracticaleconomicmeansof
directconversioncanbedeveloped.Photovoltaic
modules can provide an independent,reliable
electricalpowersourceatpointofusemakingit
particularly suited for remote or inaccessible
locations(Musa2010).SolarPVtechnologyisthe
most significant renewable energy technology
particularforremoteandstand-aloneconsumers
away from main electricaldistribution network
(Rao&Parulekar,2007).

2.1.1ThePhotovoltaics

The term “photovoltaic”refers to a family of
technologies that convert light directly into
electricity (Harmon, 2000). Photovoltaic
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technologies have been highlighted as an ideal
source of energy due to its non-polluting
performanceinthewayitproduceselectricityby
harvesting the energy available from the Sun,
whichisafreesourceofenergy(Espinosaetal.,
2017). One of the most sustainable and
economically competitive renewable energy
sources is solar photovoltaic (PV) energy.
Moreover,solarPV energyincreasesacountry’s
energysecuritybyreducingdependenceonfossil
fuels(Garoudjaetal.,2017).

2.1.2PVCellTechnology
Solarcells can be categorized into two main
groups:wafertype (single crystalline ormulti-
crystalline)andthinfilm (a-Si,Cd–TeandCIGS).
The formerare made from wafers cutfrom a
siliconingot,andthelatteraremadebydepositing
silicondirectlyontoasubstratesuchasglassor
steel.Wafer-type solarcells dominated 95% of
commercialPV marketwhile the remaining 5%
weremainlyPVsiliconthin-film solarcellsin2007
(Waheed et al.,2012).The various types of
materialsappliedforphotovoltaic
solarcellsincludesmainlyintheform ofsilicon
(singlecrystal,multi-crystalline,amorphoussilicon)
cadmium-telluride,copper-indium-gallium-selenide,
andcopper-indium-gallium-sulfide.
Onthebasisofthesematerials,thephotovoltaic
solarcellsarecategorizedintovariousclassesas
alsoshowninbelow(Sharmaetal.,2015).

Fig3.varioustypesofsolarcelltechnologiesandcurrent
trendsofdevelopment(Sharmaetal.,2015)

2.1.2(a)MonocrystallineSiSolarcell
Monocrystalline silicon,also known as called
singlecrystallinesilicon,isacrystallinesolid,in
which the crystal lattice is continuous and
unbrokenwithoutanygrainboundariesoverthe
entirebulk,uptotheedges(Jageretal.,2014).The
efficiency of mono-crystalline single-crystalline

siliconsolarcellsliesbetween17%-18%(Sharma
etal.,2015)
2.1.2(b)PolycryatallineSiSolarcell
While a monocrystalline silicon waferhas one
uniform color,inmulticrystallinesilicon,thevarious
grainsareclearlyvisibleforthehumaneye.The
moregrainboundariesinthematerial,theshorter
thelifetimeofthechargecarriers.Hence,thegrain
sizeplaysanimportantroleintherecombination
rate(Jageretal.,2014).Thoughtheyareslightly
cheapertofabricatecomparedtomonocrystalline
siliconsolarpanels,yetarelessefficient~12% -
14%(Sharmaetal.,2015).
2.1.3Solarcellparametersandequivalentcircuit
(a) The main parameters that are used to
characterizetheperformanceofsolarcellsarethe
peakpowerPmax,theshort-circuitcurrentdensity
Jsc,theopen-circuitvoltageVoc,andthefillfactor
FF.These parameters are determined from the
illuminated J-V characteristic. The conversion
efficiency η can be determined from these
parameters (Jager et al.,2014). These four
quantitiesJsc,Voc,FFandηdefinetheperformance
ofasolarcell,andarethusitskeycharacteristics
(Pagliaroetal.,2008).
(i)Theshort-circuitcurrent(Isc)
The short-circuitcurrentIsc isone ofthe most
essentialcharacteristicsofasolarcell.Itoccursin
anilluminated,short-circuitedsolarcell(Krauter,
2006).Ideally this is equalto light-generated
currentIL(Green,1982).

(1)I= - -Il Io[exp -1(
q(V +IRs

AkT ) ]
V +IRs

Rsh

whereIdisthejunctioncurrentofthediode

(2)=Id Io[exp -1(
q(V +IRs

AkT ) ]
I,theloadcurrent
IL,thephotovoltaiccurrent,
Io,thereversesaturationcurrent
q,electroniccharge,
k,boltzmannconstant,
T,absolute temperature,A,factorofthe diode
quality
Rs,seriesresistance,

Rsh,parallelresistance(Grid2010).

(ii)Theopen-circuitvoltage(Voc)
ThevoltageVocdevelopedwhentheterminalsare
isolatedistheopencircuitvoltage(Pagliaroetal.,
2008)

(3)= ln ≈ lnVoc

kT

q ( +1
Il

Io
)

kT

q (
Il

Io
)

(Grid2010)
(iii)Thefillfactor
Fillfactorisanotherimportantparameterwhich
tellsaboutqualityofcell/moduleanditsvalue
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shouldliebetween0.7–0.8asperIECstandard
(Berwaletal.,2017).Itisdefinedastheratioof
maximum powertotheproductofopencircuit
voltageandshortcircuitcurrent.Thisfactoris
obtainedbycomparingthemaximum powertothe
theoreticalpower(Mathewetal.,2018).Thefill
factorFFisthusdefinedastheratio

(4)FF=
JmVm

JscVoc

(Berwaletal.,2017).
TheFFthusdescribesthesquarenessoftheJ–V
curve(Pagliaroetal.,2008)

Fig4.I-VandP-Vcurves(Mathewetal.,2018)

(iv)Theelectricalpowerconversionefficiency
Thephotovoltaicconversionefficiencyηisdefined
bytheratioofthePVelectricalpoweroutputtothe
irradiatedpoweronasolarcell.Theconversion
efficiency is determined under standard test
conditions(STC)(Krauter,2006).The solarcell
powerconversionefficiencycanbegivenas:

(5)η = =
Pmax

Pin

×Imax Vmax

I(t)×A
WhereImaxandVmaxarethecurrentandvoltagefor
maximum power,correspondingtosolar
intensityI(t)andAisAreaofsolarcell(Fesharaki
etal.,2011).
WhenthePVmodulesworkinarealenvironment,
the measured DC power(W),PDC,can be very
differentfrom thenominaloneduetovariationin
moduletemperatureTc(oC)and/orirradianceG
(W/m2).TheDCefficiencyƞDC ofPVmodulescan
be defined as the ratio between measured DC
powerPDC and the productofsurface area of
modulesAwiththemeasuredirradianceG.

(6)ƞdc=
Pdc

A ×G
PV efficiency can be calculated in instant,
hourly,daily,monthly and yearly periods.Hourly
energyefficiencyisexpressedas

(7)ƞsys,h=
Esys,h

S.Gopt,h

(Eliboletal.,2017)
Esys,h,showshourlyACpoweramounttransferred
topowerplantbythesystem,Stotalsurfacearea
ofthepanels andGopt,hhourlyradiationenergy
reflectingonto unitareaofpanelsurface.Daily
efficiencyanalysiscanbeexpressedwith

(8)ƞsys,d =
Esys,d

S.Gopt,d
(Eliboletal.,2017)
Esys,h ,represents daily AC energy amount
transferredtopowerplantbythesystem (kW h)
and Gopt,h ,dailyamountofradiation reflecting
ontounitareaofpanelsurface(kWh/m2).Average
system efficiencypermonth can be expressed
with

(9)ƞsys,m =
∑n

i=1 i(Esys,d)

∑n
i=1 i(Gopt,d)

(Eliboletal.,2017).
(b)Asolarcellisanon-lineardeviceandcanbe
representedasacurrentsourcemodelasshownin
figure1.4.ThecurrentsourceIphrepresentsthecell
photocurrent,Id isreversesaturationcurrentof
diode,RshandRsaretheintrinsicshuntandseries
resistance ofthe cellrespectively.Usually the
valueofRshisverylargeandthatofRsisverysmall,
hence they may be neglected to simplify the
analysis(Singh,2013).

Fig 5.Simplified equivalentcircuitofa photovoltaiccell
(Singh,2013).

2.1.4 Current-Voltage (I-V)characteristics ofa
solarcell.

ThetypicalI-VcharacteristicofaPVarrayisgiven
bythefollowingequation

(10)I= -NpIpn NpId[exp -1(
qV

kTANs
) ]

where,IisthePVarrayoutputcurrent(A),Visthe
PVarrayoutputvoltage(V),Ns isthenumberof
cells connected in series,Np is the numberof
modulesconnectedinparallel,qisthechargeof
anelectron,kistheboltzman’sconstant,Aisthe
pn junction idealityfactor,Id isthecellreverse
saturationcurrent,Tisthecelltemperature.The
factor‘A’determinesthecelldeviationfrom the
idealpnjunctioncharacteristic;itrangesfrom 1to
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5,1beingtheidealvalue.
ThecellreversesaturationcurrentId varieswith
temperatureaccordingtothefollowingequation

3exp (11)=Id Ic[T/Tc] [(q
Eg

kTNs
)( -

1

Tc
(
1

T))]
where,Tcisthecellreferencetemperature,Icisthe
reversesaturationcurrentatTc,andEgistheband
gapenergyofthesemiconductorusedinthecell.
The photo current Iph depends on the solar
radiationandthecelltemperatureasgivenby:

(12)=Iph [ +Isc Ki(T-Tc)][S/100]
where,Isc is the cellshortcircuitcurrentat
referencetemperatureandradiation,Kiistheshort
circuitcurrenttemperaturecoefficient,andSisthe

solarradiationinmW/cm2(Singh,2013).
2.1.5PerformanceRatio(PR)
ThePRrepresentstheactualenergygeneratedby
thePVplanttoitsexpectedenergywithreference
toitsnameplaterating.Inotherwords,thePRis
an indicator of losses resulting from inverter
problems,wiring,shading,cellmismatch,reflection,
outages,moduletemperaturesetc(Khalidetal.,
2016).The PR calculated using the maximum
power values measured outdoor is a better
indicatorofthetechnology'sperformance,when
several PV modules are compared. It is a
dimensionlessquantitynormalizedwithrespectto
theincidentsolarradiation.Itisgiven

(13)PR =
ƞ

ƞ
STC

whereηandηSTCarethemoduleefficienciesunder
real operating conditions and standard test
conditions respectively, with the efficiencies
calculatedas

(14)η = ×100%
Pmax

A ×G

(15)= ×100%η
STC

Pmax,STC

A ×GSTC

whereArepresentstheactiveareaofthemodule

(m2);G thesolarirradiance(W/m2);andPmax the
maximum powerofthemodule(Tossaetal.,2016).
ThePRindexmeasuresthedeviationbetweenthe
actualperformance ofa PV system and that
theoretically achievable under standard test
conditions(STC)anditmaybedefinedas:

(16)PR =
E×Istc

H ×P
whereE(W h)istheoutputenergygeneratedby
themoduleintheselectedtimeperiod,Istcisthe
solarirradianceunderstandardtestconditions,H
isthesolarirradiationonthemoduleplaneinthe

selectedtime(W h/m2)andP(W)isthenominal
powerofthemodulemeasured understandard
testconditions(Asteetal.,2014).

2.1.5FactorsAffectingPVPerformance

Solarirradiance and celltemperature are two
factors,which affectthe performance ofa PV
module(Rezaetal.,2016).Theperformanceof
solar PV modules is highly dependent on
meteorologicalconditions(Balaskaetal.,2017).
The output power from the PV module is
dependenton the solarirradiance and ambient
temperatureofthesite:

(17)V(s)=N ×FF× ×Ppv Vy Iy

WhereNisthenumberofmodulesand FFisthe
fillfactorgivenas:

(18)FF=
×Vmpp Impp

×Voc Isc

InwhichVocandIscaretheopencircuitvoltageand
shortcircuitcurrentofthemoduleandVmppandImpp

arethevoltageandcurrentcorrespondingtothe
maximum powerpoint.
Also

(19)= - ×Vy Voc Kv Tc

and
(20)=s[ + ×( -25)Iy Isc Ki Tcy

(21)= +sTcy Ta (
Not-20

0.8 )
Where Tcy and Ta are cell and ambient
temperaturesrespectively,Ki and Kv arecurrent
and voltages temperatures coefficients
respectively, Not is the nominal operating
temperatureofa cell(Guwaeder& Ramakumar
2017).
Itis found thatPV performance falls with the
increaseinmoduletemperature.Theefficiencyof
crystallinesiliconsolarcellsfallby0.5%forevery1

Coriseinsolarcelltemperatureandthisdecrease
inefficiencyvarieswiththetypeofcell(Chandel&
Agarwal2017).ThehightemperatureofPV cell
hasadverseeffectontheperformanceofPVcell.
Theincreasein temperatureofPV cellcauses,
0.06–0.1%/°Criseinitsshortcircuitcurrent,but;
poweroutput,fillfactorandopencircuitvoltage
decreasedto0.4–0.5%/°C,0.1–0.2%/°Cand2–2.3
mV/°Crespectively(Sathe&Dhoble2017).Forthe
same irradiance level,the output power and
thereforetheefficiencydecreaseswithincreased
celltemperature.Theefficiencydependsstrongly
on the temperature ofthe PV module and an
overheating causesadecreasein theproduced
energy(Zaouietal.,2015).

3.0MaterialsandMethods
The listand details ofmaterials used and the
methodemployedinthisstudyarepresentedin
thispart.
3.1ListandDetailsofUsedMaterials
The materials used in this work are:
Monocrystalline module (c-Si), Polycrystalline
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module (mc-Si),FourDigitalMultimeters,Three
Rheostats, Thermocouple Thermometer,
ConnectingWires,LightSource(Sunlight)andDC
RegulatedPowerSupply.
Thedetailsoftestedmodulesanddata-monitoring
system aredescribedinTable1&2.Themodules
parameter were given under Standard Test
Condition(STC):Airmass(AM)=1.5,Irradiance

(Gstc)=1000Wm2andCelltemperature(Tc)=25oC.

Table1.Detailsofthemonotoringequipment.

Equipment Digital

multimetes

DC

regulated

power

supply

Rheostat

Model DT9205A 305D

Range DC(200mV-

1000V)

DC(2mA-20A)

0-30V

0-5A

1A,0-

100Ω

1A,0-180

Ω

1.7A,0-

265Ω

Accuracy ±(0.5%+1dgt)

Precision ±1%

Table2(a).ElectricalspecificationsofthemodulesatSTC.

Moduletechnology c-Si mc-Si

Modulemanufacturer
Sunshine

Solar

Sunshine

Solar

Maximum

Power(Pmax)[W]
80W 80W

Currentat

Pmax(Imp)[A]
4.57A 4.57A

Voltageat

Pmax(Vmp)[V]
17.5V 17.5V

Short-circuit

current(Isc)[A]
5.12A 5.12A

Open-circuit

voltage(Voc)[V]
22.05V 22.05V

Moduleefficiencyat

STC(ƞ)[%]
17% 12.9%

Weight[Kg] 8kg 5.68kg

Outputtolerance ±5% ±5%

Activearea(A)[m2] 0.58m2 0.50m2

Table2(b).Detailsofthedata-monoitoringequipment.

Sensorbox

Solarirradiationsensor
Solarpowermeter(TM-

206)

Measurementrange 0-2000W/m2

Accuracy ±5%

Resolution 0.1W/m2

Temperaturesensor
TM-902CKtype

thermometerwithprobe

Measuringsensor
Thermocouplesensor

probe

Measurementrangeof

TM-902C
-50oC-1300oC

MeasurementrangeofTP

-02Aprobe
-50oC-700oC

Accuracy
<400oC±0.75%
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3.2Methods
TwodifferentPVmodules,wereinstalledatBayan
Tasha, Birnin Kebbi, Kebbi State (Latitude
12.4539oN,Longitude 4.1975oE).The modules
weresouth-exposed,mountedonafixedsupport
onthegroundandtiltedatangleof27o.Thetilt
angle ofthe PV module is correlated with the
location latitude angle and the season. The
modules under test in this study were:
Monocrystalline(c-Si)andPolycrystalline(mc-Si)
with an active areas of114.0cm×50.6cm and
104.8cm×47.5cm respectively,andweremonitored
from June,2018toOctober,2018.

3.2.1I-VandP-VCharacteristicMeasurement

Both modules were connected to an I-V curve
system basedonresistiveloadtechnique.Variable
resistors(rheostats)consideredasloadresistors
wereused,thestepvariationoftheseresistors
impliesthevariationsofthevaluesofcurrents(Im)
andvoltages(Vm).InoneoftheI-Vsystems,two
rheostats:thatof0-100Ωandthatof0-180Ωwere
connected in series to form a netof280 Ω
resistancewhiletheothersystem hasarheostatof
resistance0-265Ω.

With the help of multimeters, the modules
parameters: shortcircuitcurrent(Isc),theopen
circuit voltage (Voc),module current (Im) and
voltage(Vm)valueswithvariationofloadachieved
throughrheostatswereallmeasured.Eachtime,
thevalueofcurrentforzerovoltageandthevalue
ofvoltageforzerocurrentweretakenfirstand
thesecorrespondtoshort-circuitcurrent(Isc)and
open-circuitvoltage (Voc)respectively.Then the
currentandvoltagevaluestakenwithvariationin
theloadachievedthroughtherheostat.TheI-V
data wereobtained from multiplemeasurement
each day,atdifferentweatherconditions.The
measurementwas conducted on hourlyinterval
eachday(from 10:00AM to4:00PM)andreadings
weretakenwithin10-15minutessoshortthatthe
solarradiationcanbeconsideredconstantforall
thepoints.

Finallythedarkcharacteristicsof moduleswere
measuredusinganexternalDC powersupplyin
forwardbiasmodeandthepanelskeptindark
condition.The supplyvoltage was increased in
stepsandthecurrentsmeasured.

3.2.2 Measurement of Temperature and
Irradiance

The thermocouple thermometer was in the
measurementofambienttemperature(Ta)andthe
celltemperature(Tc)ofthemodulesin Co.The

solarpowermeterwasemployedinmeasuringthe

solarirradiance (G)in Wm-2.The experimental
layoutandset-upwereshowninFig9and10.

Fig6.Experimentallayout(Mathew etal.,2018)

The measured temperatures and irradiance
obtained during measurement interval were
summed up to get the totaldaily and their
corresponding average values. They were all
plotted on graph together with modules’
parameters:efficienciesperformance ratios,Voc,
andIsc overthetestperiodsoasobservetheir
relations.Their various correlation coefficients
were also calculated in orderto determine the
strengthoftheserelations.Allcalculationswere
carriedoutinexcelspreadsheets.

Themeasureddatawereallrecordedandentered
inexcelspreadsheet.Withthemonitoreddata:Voc,
Isc,Im,Vm,G,Taand Tc,theI-VandP-Vcurveswere
plotted,maximum power(Pmax),fillfactor,daily
energygenerated,hourlyefficiency,dailyefficiency,
monthlyefficiencyanddailyperformanceratio(PR)
wereallcalculated

3.2.3CalculationofPowerRatingforaSpecified
PeriodofTime

Theelectricalpowergeneratedwascalculatedby
multiplyingcurrentandvoltagevalues.From the
powervalues calculated,the maximum powers
weresortedoutandwerealsoidentifiedontheP-V
characteristiccurve.Theproducedforagivenday
is computed in accordance with the work of
Balaskaetal.,(2017),foreachday,theenergy
producedbyeachmoduleiscalculatedasfollows:

(22)E =τ∑Pmea

where

EisexpressedinWh;

Pmeaisthemeasuredmaximum powerinW;

τistherecordingtimeinterval.
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Thatisthesummationofmaximum powersacross
therecordingtimeintervalgivesthetotalenergy
generatedoverthattime.Thedaily,monthlyand
the totalenergygenerated overthe monitoring
werecalculated.

3.2.4CalculationofElectricalPowerConversion
Efficiency(ƞ)

Thecalculationoftheelectricalpowerconversion
efficiency is essential so as to study how
metrologicalconditionsaffectit.Thehourly,daily
and monthly efficiencies were calculated using
equation(7),(8)and(9)respectively.
3.2.5PerformanceRatio(PR)Calculation

ThePVtechnologieswereanalyzedandcompared
intermsofperformanceratio(PR)onenergy.The
PR index measures the deviation between the
actualperformanceofaPV system andthatof
theoretically achievable under Standard Test
Conditions (STC).The performance ratios were
calculatedusingequation(16).
4.0ResultsandDiscussion
Inthispart,thedataproducedbetween13June
2018and31October2018bythetwotypesofPV
systemsmountedatBayanTasha,BirninKebbiis
explainedindetails.Thereare140daysoverthe
monitoring period.However,starting from that
date,somedataaremissingduetotheexternal
events,suchasrainfall,breakdownofmeasuring
devices,incompletedateacquisitionforagiven
day.As a result,there are 90 totaldays with
comparable data across the monitoring. The
missingdayswereignoredinthecalculationsof
performanceindexes,and thisisin accordance
withtheliterature.

Khalid etal.,(2016)highlighted that,ifthereis
problem duetoplantavailability,sayinverterwas
notoperationalfortwodaysinamonththenone
shouldignorethesetwodaysforPRcalculation.

Bianchinietal.,(2016)monitoredPVdatafrom 1st

June2013to28th October2014,thatis,515days
of measurements, however, 285 days were
recorded,duetosomeexternalevents.

4.1 ResultofCurrent-Voltage(I-V)andPower-
Voltage(P-V)Characteristics

The detailed comparison of the modules is
presentedwithrespecttoparameterslikePmax,ƞ,
Tc,Isc,Voc,FF,PRetc.TheI-VandP-Vcharacteristics
ofthemodulesforsomesamplecleardaysare
showninfigure7-12below.

Figure7.I-VandP-Vcurvesofc-Simodule,on22/07/18at

10:00-15am,G=775W/m2,Ta=32.9oC,Tc=39.5oC,ƞ=9.17%,
FF=0.50,PR=57.51%.

Fig 8. I-V and P-V curves of mc-Si module, on

22/07/18 at10:00-15am,G=780W/m2,Ta=32.9oC,Tc=4
0.1oC,ƞ=5.56%,FF=0.43,PR=38.79%.

Fig9.I-VandP-Vcurvesofc-Simodule,on25/06/18at4:00

-4:15pm,G=405W/m2,Ta=36.5oC,Tc=48.1oC,ƞ=13.37%,

FF=0.49,PR=54.50%.
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Fig10.I-VandP-Vcurvesofmc-Simoduleon25/06/18at

2:00-2:15pm,G=757W/m2,Ta=36.8oC,Tc=51.2oC,ƞ=6.83%,
FF=0.44,PR=39.22%.

Fig11.I-VandP-Vcurvesofmc-Simodule,on15/06/18at
12:00-12.15pm,G=940W/m2,Ta=40.5oC,Tc=61.7oC,
ƞ=6.61%,FF=0.5,PR=36.96%.

Fig12.I-VandP-Vcurvesofc-Simodule,on15/06/18at
12:00-12:15pm,G=933W/m2,Ta=40.5oC,Tc=63.3oC,
ƞ=5.84%,FF=0.36,PR=54.7%.

Somesamplesofthemodules’I-VandP-V
characteristicsinovercastdaysarealsoshownin
fig13-16below.

Fig13.I-VandP-Vcurvesofc-Simodule,on6/08/18at
13:00-15pm,G=75W/m2,Ta=25.7oC,Tc=27.7oC,ƞ=19.64%,
FF=0.67,PR=107.06%.

Fig14.I-VandP-Vcurvesofmc-Simodule,on6/08/18at
13:00-13:15pm,G=93W/m2,Ta=25.7oC,Tc=28.0oC,
ƞ=10.25%,FF=0.62,PR=62.28%.

Fig15.I-VandP-Vcurvesofmc-Simodule,on15/08/18at

10:00-15pm,G=28W/m2,Ta=27.8oC,Tc=29.0oC,ƞ=9.47%,

FF=0.52,PR=46.96%.
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Fig16.I-VandP-Vcurvesofc-Simodule,on15/08/18at
10:00-15pm,G=20.0W/m2,Ta=27.8oC,Tc=28.6oC,ƞ=19.78%,
FF=0.72,PR=37.26%.

Alsothedarkcharacteristicsofthetwomodules
areshowninfig17.

Fig17.DarkI-Vcharacteristicsofthemonocrystalline(c-Si)
andpolycrystalline(mc-Si)modules.

4.2ResultofTheEffectofTemperatureandSolar
IrradianceontheModules’Parameters

Thedailyanalysisisuseful,becausetheincident
spectrum canshiftsignificantlytowardtheredor
the blue,both in the course ofthe day and
seasonally(Asteetal.,2014).Thisworkisaimed
atthemeasurementofoutdoorperformancesof
themodules,henceitisfundamentaltoanalyze
therealoperatingconditionsrecordedduringtest
periodonthesite.

4.2.1TemperatureandSolarIrradianceofStudy
LocationOvertheTestPeriod

Fig 18 shows the dailyaverage irradiance and
ambient temperature observed during the
monitoringperiod.Theirradianceandtemperature
were found to be positively correlated with a
calculatedpearsoncorrelationof(r=0.93)and(r=
0.92)forc-Siandmc-Simodulesrespectively.The
minimum and the maximum recorded average

daily irradiance were 60.7W/m2 in Augustand

803.1W/m2 inJuly,while26.2oC inAugustand
41.5oCinJuneforambienttemperature.

Figure18.Dailyaverageirradiance(G)anddailyaverage
ambienttemperature(Ta)overthetestperiod.

Fig19showsthemoduletemperaturesandthe
ambienttemperature,andbothwerefoundhaveto
apositivecorrelation.Thetwocelltemperatures
havecorrelationcoefficientsof(r=0.99),andfor
thecelltemperaturesandambienttemperaturethe
values were (r=0.93) and (r=0.92) for the
monocrystalline and polycrystalline panels
respectively.Theseagreewiththefindingsofelibol
etal.,(2017).The observed minimum and the
maximum averagedailycelltemperaturevalues
were28.0oCinAugustand62.4oCinJune.

Fig 19.Dailyaverageambienttemperature(Ta)and cell
temperature(Tc)overthemonitoringperiod.

Fig20showsthemonthlyaveragedailyirradiation
andthemoduletemperature.
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Fig 20. Monthly average daily irradiations and cell
temperaturesofthemodules.

Themonthlyaveragedailycelltemperaturesare
determined in range of51.5oC-39.6oC,with an
averageof45.4oCforc-Siand51.1oC-39.1oC,with
anaverageof45.1oCformc-Si.Theaveragedaily

irradiation isfound in therangeof668.7W/m2-

560.4W/m2,withanaverageof614.8W/m2forc-

Siandformc-Sias692.0W/m2-557.1W/m2,withan

averageof615.1W/m2respectively.

4.2.2EffectofTemperatureontheModules’
EfficienciesandPerformanceRatios

Fig21.Dailyaverageefficiency(ƞd)andambient
temperature(Ta)overthemonitoringperiod.

The daily efficiencies and the average daily
ambienttemperatureareshowninfigure15above.
Clearyfrom thefiguretheambienttemperature
andhencethecelltemperaturenegativelyaffect
the efficienciesofthe module.The efficiencies
wereobservedtoincreasewhenthetemperatures
decrease and decrease when the temperatures
increase.Theircorrelationcoefficientswerefound
as(r=-0.54)and(r=-0.58)forc-Siandmc-Si
modules.

Allmodules show high dailyefficiencyforlow

irradiation.Thereiscorrelationbetweenirradiation
and module temperature in that when the
irradiation increases the temperature of the
moduleincreasestooatthesametimeresultingin
increasedtemperaturelosses(Balaskaetal.,2017).

Fig22.Ambienttemperature,celltemperaturesand
performanceratiosoverthetestperiod.

The average daily ambient temperature, cell
temperatureandperformanceratioareshownin
fig 22.The PR of the modules as expected
decreases when the ambient,hence the cell
temperatureandthedailyirradiationincrease.This
agreeswiththeworkofAsteetal.,(2014).The
correlation coefficient between PR and cell
temperature(Tc)inthisstudywasfoundtobe(r=-
0.58)forc-Siand(r=-0.70)formc-Simodule.Thus
Tc has more negative effecton PR ofmc-Si
module.Theeffectsofthesecelltemperatureson
efficiencyandperformanceratiowereshowninfig
23and24.

Fig23.Monthlyaveragedailycelltemperaturesandmonthly
efficiencyofthemodules.

Asseenfrom fig17above,thecelltemperatures
and hence the ambienttemperaturesnegatively
affecttheefficienciesofthemodules.Thecell
temperaturesofc-Siandmc-Siwere51.5oC and
51.1oC inthemonthofJunewithcorresponding
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efficiencies of 8.98% and 6.17%. The cell
temperatures decreased to 41.1oC forc-Siand
40.7oC formc-Siin July and the efficiencies
increasedto9.43%and7.22%respectively.Thecell
temperaturesofc-Simoduleincreasedto44.2oC
and50.6oCinSeptemberandOctoberandthatof
mc-Simoduleto43.9oC and50.8oC accordingly.
Thecorrespondingdecreaseintheirefficiencies
were6.67% and5.11% forc-Siand5.71% and
5.29%formc-Sirespectively.

TheworkofZouuietal.,(2015)hasshownthatfor
thesameirradiancelevel,theoutputpowerand
thereforetheefficiencydecreaseswithincreased
celltemperature.Theefficiencydependsstrongly
on temperature of the PV module and an
overheating causesadecreasein theproduced
energy.

Fig24.Moduletemperaturesandperformanceratios.

From fig24,themoduletemperaturealsoaffects
theperformanceratioofthemoduleinthesame
wayitaffectsefficiency.Thisissobecausethe
efficiencyandtheperformanceratioarepositively
correlatedasshowninfigure36and37.Thusthe
module temperature affects the efficiency and
performanceratioofthePVpanelnegatively.

4.2.3EffectsofIrradianceonShort-CircuitCurrent
(Isc)andOpen-CircuitVoltage(Voc).

Fig25.Averagedailyshortcircuitcurrentandopencircuit
voltageduringthetestperiod.

Fig25showstheshortcircuitcurrent(Isc)andthe
opencircuitvoltage(Voc)overthetestperiod.As
seen from the figure,the Isc undergoesseveral
fluctuationsbutVochassmallfluctuationoverthe
monitoredperiod. Thisisbecause Isc ismore
affectedbytheirradiationthanVoc andthisiswhat
Zaouietal.,(2015)also identified.Isc is more
positively affected by the irradiation but the
temperature negatively affects Voc where the
experimentaltemperature ofthe cells is higher
than25oC(Zaouietal.,2015).Figure26and27
below showsthedailyirradiance,Voc andIsc over
the testperiod.As explained the Isc is more
effected by the irradiance, the correlation
coefficientbetweenGandIscis(r=0.86)forboth
modules.ThecorrelationvaluebetweentheIscand
celltemperature(Tc)is(r=0.43)forc-Siand(r=
0.45)formc-Simodule.Forcorrelationcoefficient
betweenVocandTcthevaluesare(r=-0.81)and(r
=-0.42)respectively.Thisshowsthattemperature
negativelyaffectstheVocofc-Simorethanthatof
mc-Simodule.
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Figure26.Averagedailyirradianceandopencircuitvoltage
overthemonitoringperiod.

Fig27.Averagedailyirradianceandshortcircuitcurrentover
themonitoringperiod.

4.3 ResultofPowerRating Overa Specified
Period

Energyyieldcapturesthefullpicturebymeasuring
energyproductioninagivenlocationovertime
(kWh). Energy yield, hence, combines the
technologicalpropertiesofasolarcellwiththe
conditionsunderwhichitisoperated.

Thedailyandtheaveragedailyenergygenerated
bythemodulesareshownisfigure28and29
below.The generated energy ofthe modules
decreasedovertime.Themaximum produceddaily
energywas250.62Whwithanaveragedailyvalue
of38.80W forc-Simoduleand200.33Whwithan
averagedailyvalueof28.62W formc-Simodule.
Theirminimum recordedvalueswere42.91Whand
21.24Whwithcorrespondingaveragesof6.13W
and 3.03W respectively.

Figure28.Dailyelectricalenergygeneratedduringthetest
period.

Fig29.Averagedailyelectricalenergygeneratedduringthe
testperiod.

The totalelectricalenergy generated by the
monocrystalline(c-Si)andthethepolycrystalline
(mc-Si)modulesduringthemonitoringperiodwas
12096.88Wh (12.10kWh) and 10535.29Wh
(10.54kWh)respectively.Themonthlyaveragewas
then 2419.38Wh and 2107.06Wh in thatoder.
Thus monocrystalline module generated more
energythanthepolycrystallinemodule.

Fig30showsthemonthlytotalandthemonthly
daily energy generated by the PV systems.
Monocrystalline module is characterised bythe
highestmonthlyenergyproductioninJune,July
and Septemberwith energy values 2183.66Wh,
2904.20Wh and 2331.80Wh respectively. The
energyproducedbythepolycrystallinemodulein
these months are 1405.45Wh,2140.69Wh and
2136.64Wh in that respect. However, the
polycrystallinemoduledominatesitscounterpartin
August and October with energy values of
1964.78Wh and 2887.72Wh respectively. The
producedenergyvaluesofmonocrystallinemodule
inthesemonthare1902.19Whand2774.72Wh in
thatorder. Maximum monthlyenergyproduction
was observed in July and by monocrystalline
module.
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Eliboletal.,(2017)alsoidentifiedthemonthofJuly
withhighestproducedenergyandthecompared
power values of 13.22kWh, 14.16kWh and
14.27kWhwereobtained inthemonth fora-Si,
polycrystalline and mono-crystalline panels
respectively.

Fig30.Monthlyenergygeneratedandmonthlyaveragedaily
energygenerated.

The monthly average energy generated was
observedtodecreasefrom JunetoOctober.Onthe
average results,the maximum monthly daily
energyof218.37Whand140.54Whwereproduced
in June by mono-crystalline and polycrystalline
modules respectively.With respectto monthly
daily energy production,June has maximum
energyfollowedbyJuly,August,Septemberand
October.Thisisdueto theunequalnumberof
measurementdaysinthemonths,andthisagrees
with the highestmonthlyaverage irradiation of

4821.2Wh/m2 inthemonth.Themonthlyaverage
irradiationinJuly,August,SeptemberandOctober

were4166.6Wh/m2,3889.0Wh/m2,4155.2Wh/m2,

4450.6Wh/m2respectively.

Baharwanietal.,(2015)comparedpolycrystalline
andCdTeofsameratedpowerwiththoseusedin
this study and reported the average energy
generated in a day as 225Wh and 132Wh
respectively.The monthly average daily energy

generated bythemodulesareshown in fig 27
below.

Fig31.Monthlyaveragedailyenergygenerated.

Themonthlyaveragedailyenergygeneratedshown
infig31representsthehourlyvaluesorthePmax
and is obtained by dividing the monthly daily
energywith the numberofhours (7hours)the
modulesoperate.
AccordingtoBianchinietal.,(2016)whenthePV
modulesworkinarealenvironment,themeasured
DCpower(W),PDC,canbeverydifferentfrom the
nominal one due to variation in module
temperatureTc(oC)and/orirradianceG (W/m2).
The paperalso highlighted similarexperiences
carriedoninEgyptandshowedthatevenifPV
modulesarecleanedeverydaybynonpressurized
water,a50% powerdecreasingcanbemeasured
after45days.
Inthisstudyweobserveasimilarscenarioandfind
outtheenergygeneratedbythemodulesinthe
fieldtobefarbelowtheratedvalue.Themodules
wereratedonSTC andhencetheiroutputsmay
varydependingontheenvironmentalcondition.

Thepowerlossesduetothetemperatureand
environmentalconditionscanbecomelarge
enoughtojeopardizetheprojectsuccess(Tossaet
al.,2016).
4.4 Result of Electrical Power Conversion
Efficiency(ƞ)

Figure 32 and 33 show dailyand monthlythe
efficienciesofthetwomodulestestedoverthe
monitoringperiod
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Fig32.Dailyefficienciesofthemodules.

Figure33.Monthlyefficienciesofthemodules.

4.5ResultofPerformanceRatio(PR)

Fig 34 and 35 show the daily and monthly
performanceratiosofthetwomodulestestedover
themonitoringperiod

Fig34.DailyPerformanceRatio(PR)oftheModulesoverthe
monitoringperiod.

Figure35.MonthlyPerformanceRatiosoftheModules.

From fig 32-35 theperformanceratiosand the
efficienciesofthethemodulesfollow thesame
trendasshowninfigure36and37below.

Fig36.Dailyperformanceratio(PR)andefficiencyduring
thetestperiod.

Fig37.Monthlyperformanceratiosandefficienciesofthe
modules.

From fig35thePR andefficiencyarepositively
related.The highest reached daily PRs were
115.03% and65.25% byc-Siandmc-Simodules.
Theminimum recordedvalueswere22.52% and
26.10% respectively.Thecorrelationcoefficients
betweenPRandefficiencywere(r=0.90)forc-Si
and(r=0.91)formc-Simodule.From fig36,the
performanceratiosof themodulesinJune,July,
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August,Septemberand Octoberwere 56.92%,
60.80%,42.62%,37.76%,29.40% and 36.39%,
42.78%,41.46%,33.13%,29.72% forthec-Siand
themc-Simodulesrespectively.

Clearlyc-Simoduleoutperformsthemc-Simodule
in allthe months exceptOctober.The highest
monthly PRs achieved by both modules were
60.80% and42.78% inJuly.Thiscorrespondwith
highestefficienciesof9.43% and7.22% recorded
in the same month respectively.The average
performanceratiosandefficienciesofthemodules
acrossthemonitoringperiodwere45.50%,36.70%
and 7.60%,6.30% forthe c-Siand the mc-Si
modulesrespectively.

LowvalueofPRusuallycorrespondstoaproblem
butitmaynotindicatethetypicalcauseforthis
behavior.Foridentifyingtheactualcause,detailed
experimentsandanalysishavetobecarriedout.
TypicalrangesofthePRrosefrom reportedly50-
75%inthe1980sand70-80%inthe1990sto>80%
nowadays(Khalidetal.,2016).

Siliconsolarcellscontainingboronandoxygenare
oneofthemostrapidlygrowingformsofelectricity
generation.However,theysufferfrom significant
degradationduringtheinitialstagesofuse.This
problem hasbeenstudiedfor40yearsresultingin
over250researchpublications(Contrerasetal.,
2019).
PRisanindicatoroflossesresultingfrom inverter
problems,wiring,shading,cellmismatch,reflection,
outages, module temperatures etc The
temperatureofthestudyenvironmentaffectsthe
PRofthemodulesetc.(Khalidetal.,2016).The
temperature of the study environment, cell
mismatchandreflectionmightbethecauseofthe
lowPRvalueobservedinthiswork.

Boththeperformancesandthetemperature
coefficientsgivenbymanufacturers,doesnot
alwaysreflectthemodulesrealperformancethe
siteslocatedinhotclimateregionslikewestAfrica
(Tossaetal.,2016).
JustofrecentContrerasetal.,(2019)propose
structures ofthe BsO2 defectwhich match the
experimental findings and put forward the
hypothesis that the dominant recombination
processassociatedwiththedegradationistrap-
assistedAugerrecombination.
Inthisstudy,therefore,c-Simodulehasshown
best performance in terms energy generated,
efficiency and performance ratio and thus the
suitablemoduleforKebbiStateenvironment.

5.0Conclusion

This research presents the comparison oftwo
silicon photovoltaic module technology
performances under realoperating conditions
conductedatBayanTashalocatedinBirninKebbi,
KebbiState(Nigeria).Performanceratioparameter
waschoseninordertocomparethePVmodules.
The I-V characteristics of the modules were
measuredatregularintervalbasedontheresistive
loadtechniques,duringthetestperiod:June,2018
toOctober,2018.Theirradiance,ambientandcell
temperaturesofthemoduleswerealsomeasured.
Thedaily,monthlyandthetotalenergygenerated
overthetestperiodaswellasefficienciesand
performanceratioswerecalculatedintheexcel
environment.TheoutdoorcharacterizationofPV
modules is usefulforthe technologies choice
sincethemodulesareratedattheSTCwhichis
quitedifferentfrom therealoperatingcondition.
According to the resultofthis study,the c-Si
moduleoutperformedthemc-Simoduleandhence
acceptedasbestchoiceforthestudyenvironment.
Themonthlyaveragedailycelltemperaturesare
determined in range of51.5oC-39.6oC,with an
averageof45.4oCforc-Siand51.1oC-39.1oC,with
anaverageof45.1oCformc-Si.Theaveragedaily

irradiation isfound in therangeof668.7W/m2-

560.4W/m2,withanaverageof614.8W/m2forc-

Siandformc-Sias692.0W/m2-557.1W/m2,withan

averageof615.1W/m2 respectively.Theaverage
ambienttemperatureoverthemonitoringperiod
wasfoundas34.2oC.
A positive correlation was observed between,
irradiance and ambient temperature, module
temperatureandtheambienttemperature,thePR
andefficiency.

The ambient temperature and hence the cell
temperaturenegativelyaffecttheefficienciesand
thus the PRs ofthe modules.The correlation
coefficientsbetweenTcandƞwerefoundas(r=-
0.54)and(r=-0.58)forc-Siandmc-Simodules,
thus mc-Siis slightly more affected by the
temperatures.
TheIsc and irradiancewerepositivelycorrelated
andthecorrelationcoefficientbetweenthem is(r=
0.86) for both modules. The irradiance was
observed to have a less effecton Voc.Isc was
observedtoundergoeseveralfluctuationsbutVoc

hassmallfluctuationoverthemonitoredperiod
andthisisbecause Isc ismoreaffectedbythe
irradiationthanVoc.

The correlation value between the Isc and cell
temperature(Tc)is(r=0.43)forc-Siand(r=0.45)
for mc-Si module. For correlation coefficient
betweenVocandTcthevaluesare(r=-0.81)and(r
=-0.42)respectively.Thisshowsthattemperature
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positivelyaffectsIscandnegativelyaffectstheVoc.
ItaffectsVocofc-Simore than thatofmc-Si
module.

The totalelectricalenergy produced overthe
monitoring period was12.10kWhand 10.54kWh
withanaverageof2.42kWhand2.11kWhforc-Si
andmc-Simodulesrespectively.
Theperformanceratiosandtheefficienciesofthe
moduleswereobservedtofollow thesametrend.
Theefficienciesofthemoduleswerefoundtobe
7.60% and6.30% andtheperformanceratiosas
45.50% and 36.70% in the same order.The
polycrystalline module as observed to
outperformedthemonocrystallinemoduleinterms
ofenergyinthemonthsofAugustandOctober,
andintermsofperformaceratiointhemonth of
October.

Inconclusionthefindingsofthisstudyshowthec-
Simodule as the bestchoice in terms energy
generated,efficiencyand performanceratio and
thus the suitable module for Kebbi State
environment.

Observationsdevelopedinthisstudycanbeused
for the selection of the most suitable PV
technology,dependingontheclimaticconditions.
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