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The paper deals with an extensil'e photot•oltaic (PV) modules monitoring ac!it•ity carried 
0 111 at the outdoor station ESTER (Salar Energy TEst and Research ) of' the Uni t•ersiry (i{ 

Rome Tor Vergata. ltaly . The purpose of the work was to eva/uate and compare the per
forma nce of PV sii i con modules of polycrystalline (poli -Si) and amorphous (a-Si) tech 
nologies during a medium-tenn ollldoor exposure at optimi:ed ti/t angle . jàcing south . 
Two PV modules, one polycrystalline silicon and une douh/e-junc!ion amorphous silicon, 
hal'e heen exposed since May 2009 unti/ Oct . 2010. A complete characteri:ation of the 
weather conditions at the site during the test lws been pe1jormed. and the 11/0SI rele t'a!ll 
parameters jòr the pe1jòrmance comparison of the rn•o technologies lwl'e been deri l'ecl. 
In order to compare dijferent techno/ogies and power productions, the energy yield (Y) 
an d pe1jòrmance ratio ( PR) jòr the ""'0 1110dules hC/\•e bee n el'aluated on a 1110111hly an d 
yearly basis . The typica/ seasonaltrend of PR has heen obserl'ed for the polycrystalline 
module. essentially due 10 the temperature influence on the module pelformance. For the 
a-Si module, instead, a degradation trend has heen ohserved for t h e jirst months of opera
tion. Suhsequently, a significant rec01•ery in the PR and energy production has heen reg
istered. [DOI: 10.111 5/1.40239681 
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Introduction 

Many PV modulcs manufac turcrs are prcscnt on thc markct , 
c laim ing high pcrfom1ancc and high rc liability of thc ir products. 
Thc modulc spcc ifications are rcstrictcd to thc standard tes t 
condi tions (STC), which a re not vcry rcprcscntativc of thc rca l 
conditions in which thc PY dev iccs havc to operate . lt has bccn 
provcn by various work in thc litcrature that thc PY modulcs ' pcr
fom1ance clcpcnds on thcir techno logy , the locat ion, thc wcathcr 
condi tions, and the mounting configuration [ 1-4 ]. The bchavior of 
thin-film clcvices, such as amorphou s silicon (a-Si), cadmium 
tc lluridc, and copper indium se lenide a re stili no t vcry wc ll undcr
stood [5.6] and requirc more rcscarch. Morcovcr, ncw cmcrging 
tcchnolog ics, like polymcric ancl organic solar ce ll s, are requcst 
ing a widc rcscarch activity to bcttcr unders tancl thc ir bchavior in 
thc outcloor conditions. T hcrcforc, it is important to produce and 
disseminate rcsults about thc rcal bchavior of photovoltaic dcv iccs 
in outdoor conditi ons at various locat ions through rcliablc and 
accurate mcasurcmcnts. Rcsults can be uscful for dcsigncrs and 
customers to choosc thc right dcv icc for thcir spcc ific applicati on. 

In Europc, therc are wc ll -cs tabli shcd laboratories that are doing 
rcscarch on the pcrfonnance of PV modulcs of wcll -consolid atcd 
tcchno log ics as wc li as ncw emcrging oncs. Some of thc rcprcscn
tati vc rcsults are prcscntcd in Refs. 17-9 ]. More rcccntly , an out 
door monitoring facility , ca llcd ESTER [ IO]. for tcsting PY 
modulcs of various technologics has bccn built at thc Univcrs ity 
of Rome, Tor Vergata, ltal y, and it is pa rt of thc labora tori cs 
of thc Ccntrc for Hybrid and Organic o lar Encrgy (CHOSE), a 
ccntcr born in 2006 and fundcd by the Lazio Region with thc 
objccti ve of g ivi ng impul sc to thc photovoltaic rcscarch and 
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industry in Ital y ancl cspcc ially to clevc lop and industrialize thc 
dyc-scnsiti zcd solar cc lls as a new gcncration of photovoltaic 
tcchno logy. The prescnt paper illu stratcs thc rcsult s of a monitor
ing activity sta rted in May 2009 with thc objcctive to eva luatc and 
compare thc perfo rmance of a po lycrystalline (poli -Si) PY modul c 
of wcll -cstablished techno logy and a double-junction amorphou s 
s ilicon (a-Si) PY moclulc of thc sccond generation of photovoltaic 
cleviccs. Thc test covcrcd a timc pcriod be tween May 2009 and 
Oct. 20 10. 

2 Materials and Methods 

2. 1 Experimenla l Selup. Thc ESTER outdoor station is 
shown in Fig. l . lt consists of thrcc separate units , as showccl in 
thc figure: a so lar-wcathcr unit ; a spcctral unit ; and a PY monitor
ing unii. 

Thc solar-weathcr unit providcs valucs of thc thrcc separate 
componc nts of solar irrad iancc (direc t, d iffuse, and re fl cc tecl ) and 
the g lobal so lar irradiancc on a horizontal p iane togcthcr with thc 
standarcl wcathcr parameters of air tempera ture, relative humiclity. 
prcssurc, wind vcloci ty and dircction , and ra in gaugc. 

Thc spcc tral unit , rccentl y adclccl , consists of two EKO spcctro r
adiometcrs , which mcasure the spcctra l irrad iance on a horizontal 
piane in thc spectral rangc bctwccn 350 nm and 1700 nm . 

Thc PY monitoring un it is provided with two stands that allow 
onc to cxpose approximately c ight modu lcs o f medium size, in 
total. The stand No. l is a south-oricntcd frame with variablc tilt , 
whilc thc stand No. 2 is a su n tracker. Both stands are eq uippcd 
with imtdiance sensors (pyranomcters and rcfcrencc cell s of vari 
o us technolog ies) and have Iocal wcathcr stations, insta llcd 
ncarby, as cv ide ncccl in the figure. 

Thc architccturc of thc data acquisition system is shown in 
Fig. 2 for thc threc separate unit s. At the PY monitoring unit , cach 
PY moclulc undcr test is kcpt at the maximum power point of 
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Fig. 1 Overview of the ESTER station 

operati on by a dedicated max imum power point trac ker (MPPT) 
e lec tronic device, which prov ides measurement s o f P"'"' at a t ime 
rate of l m in , while every l O m in , i t traces the IV curve of the 
device. Ded icated anal og- to-dig it al (A/D) converters extract 
the data coming from the e nvironme nt a l sensors of irrad iance 
(EKO py ranometers and IKS reference ce ll s ca libra ted by the 
lns titute for Solar Energy Suppl y Tec hno logy ( ISET)), a ir and 
mod ule temperature, and wind ve loc it y and direc ti on at the same 
ti me ra te of l min. Data acqui siti on of the PV monitoring unit is 
managed by a CR l 000 data logger from Campbe ll Sc ie nti fic that 
downl oads the data in three dedicated tables of a server database 
built using MySQL platfo rm . 

The solar-wea ther uni t data acqui siti on is managed by a CR l O 
data logger from Campbell as we ll , synchroni zed with the 
CR l 000. T he acqui sition system downloads the so lar-wea ther 
data in another two spee ific tables of the same da tabase. 

At the time of the tes t, the spectral unit , consisting o f the rwo 
EKO spectroradiometers, was managed separate ly by a dedicat ed 
computer using software prov ided by the manu facturer. A subse
quent upgrading of the system consisted of the substitution o f the 
dedi cated computer with another CR l 000 synchroni zed with the 
other units th at downloads spectral data in the same database o f 
the o ther two units. A deta iled anal ys is of the uncert a inty sources 
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Fig. 2 Layout of the data acquisition system 
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of a li the instrumenta tion of the PV monitoring unit was per
formed together with the va lidation o f the sys tem [ l IJ. 

The monitoring ac ti vity presented in thi s work was sta rted in 
Apr. 2009, and data analys is is present ed from May 2009 unti! 
Oct. 20 l O. A do uble-junction amorphous silicon dev i ce from EPV 
Solar (EPV -50) was mounted on Stand l , where a polycrystalline sil 
icon module by Kyocera (KC 125-GHT) was already exposed since 
Jan. 2008, as shown in Fig. l . Tilt angle was varied each month in 
order to optimize energy co llection and simultaneously prov ide nor
ma! incidence at noon. The back of the modulc temperature was 
measured, anaching a Pt l 00 sensor on the back of each mod ule using 
a metallic tapc. In-piane irrad im1ce was collccted by the EKO pyra
nometer. Electrical paramcters measured every minute by the MPPT 
at the max imum power point were considercd fo r the analysis. 

2.2 Data Analysis. Data coming from the PV modules moni 
toring unit are extrac ted from the database using a made-on
purpose software, called oria [ 12]. Nori a was conceived in order 
to s implify data recogniti on and interp retati on. Virtuall y repro
duc ing the station hardware and each contì guration of the tests 
performed during time, the software can correctl y recognize the 
data in the database and extract the m through log ica! queri es. 
Data extracted fo r the present work were sorted onl y by date and 
PV module type. archi v ing them on a monthl y basis. 

Data sorted by the Nori a software were then tìlte red by a tì lte r
in g procedure impl emented using a Matlab code. In Fig. 3, the 
raw and tìlte red data of the electrica l power versus irradiance for 
the month of July 2009, are showed , as an example, fo r the 
KC 125 and EPV -50 modules, respcctively. The typical linear 
trend is recogni zed; ho wever, a high data aggregati on is visible at 
low irradi ance for the raw data ( light gray). Shadowing <md/o r 
re flecti on from the surroundings are respo nsible for this dev iation 
from the linear trend, causing data di sturbance. Moreover, certain 
d ispe rsion in the data can be observed, espec ially at medium irra
d iance va lues, probabl y due to flu ctuation of the environmental 
parameters and to the osc ill ation of the po wer point tracking sys
tem (MPPT). The tìlte ring procedure eliminates data out of the 
phys ical range limit s, data coming from system fault , and also 
o utliers and shadowing effec ts through stati stica! analys is. The 
resulting tìlte red data are the black dots shown in thc graphs of 
Fig. 3 fo r the two modules. Bes ides that , solar irradi ance lower 
t han 20 W/m2 was discarded . The fìlte ring procedure was applied 
t o the data of the KC 125 an d EPV -50 modules archi ved on a 
monthl y basis fo r a period of 18 months. 
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Fig. 3 Raw and filtered power data versus in-piane irradiance for KC125 and EPV-50. Filtering data procedure appl ied to the 
month of July 2009. 

3 Results and Oiscussion 

3. 1 C lima t ic C haracteri zatio n. A detai lcd c li matic charac
tcrization was carricd out for tbc 18 months of monitoring. 
Ambicnt tempera ture and irradiancc wcrc trcatcd to gct tbc 
avcrage ambient temperature and irradiation cvaluatcd at various 
in-piane irradiancc c lasscs (Gp0 J, as shown in Fig. 4. On thc 
whole, during the test, tbc incidcnt irradiation (/) was of thc ordcr 
of 2.2 MWh/m2

• wi th consistcnt high energy collcctcd at high 
irrad iancc values. Th is is due to tbc fact that, in the 18 months of 
test, we bave two summcr pcriods that increasc tbc high irradiancc 
contribution . 

To charactcrize tbc wcather conditions during tbc test pcriod , 
the ratio of diffuse irradiance on a horizon ta l piane ovcr thc g lobal 
irradiance on tbc same piane was cvalu atcd for each minute of 
acquis ition . This ratio, callcd cloud ratio (CR) , givcs an indication 
of tbc amount of diffuse irradiance during time 113 ]. CR varics 
from O to l , and this range has bcen divided into fìve c lasses , each 
of thcm rcprcscn ting a part icu lar wcather condit ion that can be 
att ributcd to the timc in which tbc data bave bccn collcctcd. 
CR values near l are indicative ly rcpresentative of bad wcather 
cond it ions, whilc CR values ncar O indicativc ly rcprcscnt c lear 
sky conditions. Figure 5 shows thc fìvc CR c lasscs obscrvcd for 
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cach month of the test. A highcr pcrccntagc of c lear sky instants is 
main ly found during summcr. 

lt ca n be obscrvcd that the spring months of thc ycar 20 l O prcs
cnt lcss favorable wcathcr wi th a high pcrccntage of c loudy days. 

3.2 PV Performa nce lndices. To eva luatc tbc pcrfonnancc 
o f PV modulcs of various tcchno logics, a scrics of indiccs can be 
considercd . The mai n indcx used in the absencc of dircc t mcasurc
mcnts on thc modu lc is thc effìcicncy at standard test conditions 
(STC). Thcsc condi tions are valucs of irradiance ( l 000 W/m2

). 

modulc temperature (25 °C), and air mass (AM 1.5), considcrcd as 
rcfcrcncc for modu lcs ' propcrties cvaluation. 

The cffìci ency at STC is dcfìncd as 

Pnom 

'lsTc - A . GsTc (Il 

whcrc Pnom is thc nominai powcr (or pcak power) at STC, A is 
thc surfacc arca of the modu lc, and GsTc is the irradiancc of 
l 000 W/m 2 This cffìcicncy c an be derivcd from tbc spccifìcation 
g ivcn by thc manufacturcr or can be cva luatcd through indoor 
mcasuremcnts us ing a sun simulator 114]. 
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When the PY module is working in the rea l e nvironment at its 
max imum power point. its real effì c iency can be defìned as 
fo llows: 

P ma< 
1) =---

A · Groa 
(2) 

where P""" is the PV modu le elec trica l power produced at the 
maximum power point o f operati on and Gpoa is the correspondent 
in-piane irradiance . The above-mentioned indiees evaluate the 
modu le pe1ionnance instantaneously, but they can also give info r
mation about thc perfonn ance in a defìned peri od o f ti me. In thi s 
case, instead of e lectrical power and irradi ancc, thc correspondent 
ene rgy va lues in the defìned period of t ime (day, month, or year) 
have to be evaluated. The effì ciency indicates the perfonnance of 
a dev ice, but it does not give indications about it s energy produc
tion. If one wants to eva luate and to compare the energy produc
ti on of differe nt modules of diffe rent power size, the energy yie ld 
is the suitab le parameter to use. The energy yield (Y) is written as 

E 
Y = - [kWh j kW] 

P nom 

(3) 

where E is the elec trica l energy produced by the module in a 
detì ned time interval and P 110011 is the nominai power. Thi s index 
can also be interpreted as the numbe r of hours in which the PY 
modul es work at the ir peak power va lue. S ince the energy produc
tion is nonnali zed to the module s ize , thi s index a llows comparing 
PY dev ices of diffe re nt peak po wers, as already said. 

It is we ll known that the energy production of a PV module 
does not depend only on radiation intensity but a lso, to some 
extent , on the temperature of the module, the va ri ation of solar 
spectrum , and also other fac tors that do not stri ctl y depend on the 
module itse lf. To take in to accoun t a li thcse inftuences, another 
index, ca lled perfo nnance rati o (PR ), is defìn ed [ 15). 

y 
PR =- with Y,. 

Y,. GsTc 
(4) 

Y, is ca lled the referenee y ie ld and is the ra tio between the irradi a
tion evaluated in the considered time inte rva l and the irradi ance at 
STC: it a lso represents the sun peak hours defìned as the hours in 
whi eh t h e in-piane irradiance has reached l 000 W/m2 The PR 
index can also be seen as the rati o o f the real effì c iency over the 
effì c iency at STC, and for thi s reason, it measures how far is the 
behav ior of the modul e with respect t o it s performance at STC. As 
already mentioned, thi s index is not sensitive to irradi ance vari a
ti on but to secondary effec ts on the module perfonnance. 

3.3 Discussion of t he Results. For the KC 125 and the EPV-
50 modules, the monthly yie ld and perfo nnance rati o have been 
calcul ated and are shown in Figs . 6 and 7. From the graph of 
Fig. 6, it can be noted the low ene rgy production of the two mod
ules du ring the winter period, wh ich corresponds to lower peak 
sun hours (reference yield ( Y,.)), a lso showed in the graph . The 
hi gh yield observed in Aug. 2009 for KC 125 is mainly due to the 
hi gher ti me of o peration eva luated fo r this module, with respec t to 
EPY-50. Indeed , a failure of the MPPT that managed the EPY-50 
was observed and many data were di scarded by the fìltra tion pro
cedure. S ince each modu le is subjected to tì ltration separate ly, di f
fe rent amounts of data were cut for the two modules . Also, for 
May an d June 20 l O, a lower energy production c an be observed 
with respect t o the same months o f 2009, and thi s is ma inl y due to 
the worst weather cond itions ex pe rienced fo r these months in 
20 10. 

The effec t of degradati on of amorphous silicon can be be tter 
seen from the monthl y PR trend . S ince the tìrst ex posure in Apr. 
2009, the EPY -50 has lost approx im ate ly 13% of PR in one yea r. 
It appears quitc clear that, fo r thc fì rst 4 months, a degradation 
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cffect can be observcd, whil c fo r thc othe r months, until Apr. 
20 l O, a combined e ffec t o f seasonal vari ation and degradation ca n 
be considered. Both modules ex hibit a typical seasonal effect due 
to the ir performance depe ndence on temperature and/or solar 
spectrum . !t is we ll known that, for poli-Si , high temperature 
reduces modu le production, and thi s is the reason why the PR fo r 
KC 125 is higher during the co ld season t han during the hot season 
(see Fig. 8). Moreover, not signitì cant degradation has been 
observed for thi s modu le, which has been already tested 1n 
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Lugano sincc thc ycar 2006-2007 [ 161. On thc con trary. thc 
amorphous si licon sccms to rcspond bcttcr to highcr tcmpcraturcs 
w ith rcspcct to poli -Si , cvcn if for thc tìrst four hot months of 
opcrati on, thc initial dcgradation trcnd due to light cxposurc 
(S tacblcr- Wronski cffcct) [ 171 can be obscrvccl. To quantify thi s 
cffcct. the IV curvcs eonstantly mcasurcd cluring thc cxposurc 
pcriocl wcre uscd. Evcry 15 days, during thc test pcriod. IV curvcs 
collcc tcd al nonna! inciclcncc (bctwccn l 1.30 and 13.30) ancl clur
ing clcar days and stabl c irradi ance (on ly l % variation in two con
secutive minutes) wcrc sc lccted. The curvcs wcrc then translat ccl 
to STC using thc Blacsscr mcthocl [ 18]. Figure 9 shows thc trcncl 
of thc STC power obtaincd by thc translation procedure. normal 
ized to its initial va luc ( initial power fraction) vcrsus timc . A 
dccrcasing trcnd can be observed that is quantitìed in approxi 
matcly 4% of clcgradation. In thi s period, dcgradation due to thc 
Stacblcr- Wronski effect is prcdominant. Latcr on, a principal of 
scasonal oscillation can be rccognized. This trcnd could be partl y 
cxplaincd by thc seasonaltcmpcraturc cffcc t of annca ling that par
tiall y rccovcrs powcr dcgradation during summcr (due to high 
temperaturcs) and partly by thc seasonal varia ti on of thc so lar 
spectrum, which is bluer in summer (bcttcr match with thc spcc
tral rcsponsc of amorphous si licon), as alrcady discussed by othcr 
authors, as, for cxamp le, in Re fs . [ 19 J an d [20 1. For thcsc rcasons, 
thc summcr peri od of 20 l O contributed t o partially rccovcr thc ini 
ti al clcgradation incluced by light soaking. 

T ab le l summarizes thc annua l performance of thc two moclules 
tcstcd togcthcr with thcir performance aftcr 12 months ancl 18 
months of opcration. Thc PR uncertainty was cvaluatccl applying 
thc crror propagalion thcory and is in thc ordcr of ::!:5%. Thc mca
suremcnt unccrtainly of thc STC powcr has noi bcen considcrcd 
here. The main conlribulion 10 ovcrall unccrtainty is coming from 
thc pyranomctcr irracliancc mcasuremcnts (dcpendcnt on thc irra
diancc rangc: approximatcly ::!:5% in thc avcragc) and in a smallcr 
amount from lhc current and vollagc mcasurcmcnts (::!:0.2% for 
both mcasurcmcnls) [21 1. Thc unce11ain1y on thc yie ld is the one 
rcferrcd to thc mcasurcmcnts of 1hc modulc powcr lhat, from thc 
MPPT spccifìcalion, is tìxccl to ::!: 0.5%. From thcsc considcra
tions, il can be conc ludcd that lhc two PV moclulcs prcscn t thc 
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Fig. 9 lnitial STC power fraction of the EPV-50 amorphous 
silicon module for the first four months of operation in real 
operating conditions 

Table 1 Summary of the modules performance 

PV modulc 

KC I25G HT 
EPV-50 

12 months 

Y(kWh/kW) 

1297 
123 1 

11 (% ) PR 

11 .9 0.88 
4.6 0.87 

18 months 

Y (kWh/kW) 

2030 
1939 

'l (o/c) PR 

11 .8 0.88 
4.6 0.86 
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samc annua! PR and lhat thc doublc junction amorphous silicon 
modulc procluccd approximatcly 5% lcss cnergy lhan thc poli -Si. 

This is partly due lo a failure of thc MPPT thal managccl lhc 
EPV moclulc during Aug. 2009 and partly to thc inilial dcgrada
tion of thc moclulc. 

4 Conclusions 

An cx tcnsivc moniloring campa ign was carr iccl out on two pho
tovoltaic modules of diffcrent lcchnologics wilh lhe ai m 10 bcttcr 
unclcrsland thcir bchavior in rea! opcraling condilions and lo 
con tribulc to the dissemination of 1his infom1a1ion 10 a w i der audi
ence. lt has to be poinled oul lhal 1hc rcsults oblaincd cannot be 
extended to cvery moclulc of lhc considered lechnology, since 
many diffcrcnccs can be cncounlercd in lcrrns of performance and 
cncrgy produc1ion also among modulcs of lhc same 1cchnology 
but of diffcrcnt manufacturcrs. Howcvcr, some basic lrcnds can 
be rccognizcd in thc lcslccl dcvices. Thc polycrystalline moclulc 
was provcn to be highly stabl e and with an avcragc annua! PR of 
0.88. A scasonal trcnd in thc monthly PR was observccl due to lhc 
temperature cffec t on 1hc module pcrfonnancc; thcse scasonal 
effccts, howcvcr, compensate each olher when the annua! bchav 
ior of lhc modulc is considcrcd. Thc doublc junclion amorphous 
silicon moclulc shows an cffccl of dcgradation in the tìrst months 
of opcration, and this cffcct is partially rccovered during 1hc hot 
months of 20 l O. E ve n if thc monlhly PR trcnd can be usecl t o rcc 
ognizc lhc dcgradalion, thc PR on an annua! basis is the same of 
lhc annua! PR of poli -Si. On an annua! basis , the a-Si module pro
ducccl approximately 5% lcss cnergy than thc poli -Si , ancl for lhe 
summcr months of 20 l O (Junc- Scplembcr) , l h c a-Si produccd thc 
samc amount of cncrgy per unit of nominai powcr as thc poli -Si 
(within 3%). 
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Nomenclature 

A - moclulc surfacc arca (m) 
C/? cloud ratio 

E cncrgy proclucccl by thc modulc (Wh) 
Gpua in -piane irradiancc (W/m~) 

Gs-1c = irracliancc al standard test concli tions (W/m 2
) 

l irradiarion (Wh/m2
) 

Pma x c lcctrica l powcr at rhc maximum powcr poinl (W) 
P,..,m nominai clcctrical power (W) 

P!? performance ratio 
T temperature (°C) 
Y y icld (kWh/kW) 

Y, rcfcrcnce yiclcl (h) 
'l moclulc cffìc icncy (%) 

'7sTc moclulc cftìciem;y at standard test concl itions ('!'n) 
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