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The  article  regards  aspects  of PV  modules  tested  with  the  use of  natural  sunlight.  The  analysis  of spectral
structure  of  solar  energy  resources  in southern  Poland,  carried  out on  the  basis  of  meteorological  data
originating  from  SolarLab  PW  Wrocław  and  AGH  Kraków,  Poland  [1]  was  used  in  the  article.  It is  a  con-
tinuation  of the article:  Analysis  of solar  energy  resources  in  southern  Poland  for photovoltaic  applications
[1], describing  the  method  to  determine  spectral  parameters  of  average  photon  energy  (APE)  and  use-
ful fraction  (UF) with  the  use  of  a solar  radiation  spectrum  simulator.  This  article,  however,  includes  an
experimental  presentation  of their  impact  on  PV  conversion  of  modules  with  different  absorbers.  Theory
and practice  of  the  measurements  were  described  with  the use  of  spectral  parameters  such  as:  UF,  APE.
Their influence  on the  efficiency  of  modules’  photovoltaic  conversion  with  various  spectral  characteris-
tics  of absorbers  was  presented.  The  most  recent  methods  described,  which  characterise  the structure  of
F
olar power
olar power industry
hotovoltaics

solar energy  resources  such  as  annual  distributions  of APE  and UF, have  not  been  commonly  used yet  in
Poland  and  other  countries,  even  though  they  most  precisely  define  adjustment  of the  spectral  factor  to
the  selected  PV  module.

Practical  application  of  UF,  in  detection  of  absorber  type used  in the  tested  PV  module/cell  is  demon-
strated  in  the  final  part  of the  article.

© 2019  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
ntroduction

It is quite difficult to estimate the usefulness of modules (i.e.,
hey maintain their standard parameters) made with different
bsorbers in different technologies, in areas located in higher
eographical latitudes. This is due to the fact that such areas
re characterised by considerable variability of climactic condi-
ions. There are considerable differences in yearly distributions of:
verage environmental temperatures, irradiance and the average
nergy of photons of the solar irradiance spectrum, i.e. they have

 different structure of solar energy resources’ distribution. Precise
nformation about the structure and resources of solar irradiance is
he basis for a photovoltaic system correct design and estimation
f the energy yield in a given climate conditions.

Currently, there is an abundance of studies underway that focus
n the environmental conditions’ impact on the PV modules and

ystems’ operation. These include influence of temperature, irra-
iance, radiation, atmospheric transparency, wind speed, dust and
ust formation on the efficiency of PV modules and systems. The

∗ Corresponding author.
E-mail addresses: trodziewicz@wp.pl (T. Rodziewicz), mrajfur@o2.pl (M.  Rajfur).

ttps://doi.org/10.1016/j.opelre.2019.05.004
230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier 
investigations of this type were conducted in many countries and
also at high latitude, e.g.: in the Netherlands [2], UK [3] and in
Poland [4]. A lot of ongoing studies also concern the influence of the
varying solar spectral irradiance on PV performance, e.g. at higher
latitude, e.g. in Germany [5] and in Italy [6].

Yearly distributions of environmental temperatures and irradi-
ance may  be determined in a simple, unambiguous and cheap way:
problems arise during preparation of the annual solar irradiance
spectrum distribution. This procedure, together with an analysis of
conformity of solar irradiance spectrum distribution with spectral
response SR(�) of the used PV modules, i.e. Preparing distributions
of the useful fractions for individual PV modules requires the use
of expensive and complex measuring equipment. Therefore, char-
acteristics of the structure of solar energy resources in the form
of annual distributions for a given area of: APE and the content of
the UF of solar irradiance spectrum fractions, have not been fre-
quently prepared and applied either in Poland or other countries,
even though they most precisely define adjustment of the spectral
factor to the selected photovoltaic module.
This article was  prepared using measurement data generated
in two research centres - AGH University of Science and Technol-
ogy in Kraków and Laboratorium SolarLab in Wrocław Technical
University. The basic studies were carried out with the use of

B.V. All rights reserved.
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Nomenclature

AM Air mass [-]
APE Average photon energy of solar radiation [eV]
Eph(�) Photon energy with wave length � [J]
E0 Daily value of insolation energy [Wh/m2]
ES Daily value of insolation energy from diffuse com-

ponent [Wh/m2]
EPOA Daily value of insolation energy in Plane of Array

[Wh/m2]
G0=G0,H Global solar irradiance in the plane of the horizon

[W/m2]
GS=GS,0 Diffuse component in the plane of the horizon

[W/m2]
GPOA Global irradiance in plane of array [W/m2]
GPOA(�) Spectral irradiance GPOA [Wm-2�m−1]
kTm Daily atmosphere clearness index [-]
kS/0 Daily diffuse component content index of solar

radiation[-]
Rs Serial resistance of a cell/module [�]
SR (�) Spectral Response [A/W]
UF Useful Fraction [-]
�cut Limit wave length measured by the equipment
�ph Photon spectral flux density [cm−2s-1 �m-1]
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Table 1
APE of the standard spectrum evaluated from different spectral integration limits
(own calculations).

No. Measuring range (integration) APE
[�m] [eV]

1 0.3 - 4.0 1.43
POA Plane of Array, LST - Local Solar Time

easurement data from SolarLab in Wrocław Technical Univer-
ity, whereas the data generated in AGH Kraków were treated as
upplementary1 i.e. comparative. Due to the extensive nature of the
aterial presented, the article focused on the presentation of the

nfluence of solar irradiance spectral parameters on the operation
f PV modules made of different absorbers.

Due to the extensiveness of the presented material, the article
nly demonstrates the impact of spectral parameters of solar radi-
tion on the operation of PV modules made of different absorbers.
t is a continuation of the article: “Analysis of solar energy resources
n southern Poland for photovoltaic applications” [1], describing the

ethod to determine spectral parameters of APE and UF with the
se of a solar radiation spectrum simulator.

A precise description of the lab measuring stations used in the
tudies: AGH Kraków and SolarLab in Wrocław Technical University
as included in, respectively: [1,7]and [8,9]. The procedures for
etermining average photon energy, useful fraction content in the
olar irradiance and an extensive presentation of instantaneous,
aily and monthly distribution maps are in Ref. 1.

nalysis and modelling

PE of the solar irradiance spectrum
The average photon value of solar irradiance spectrum is
etermined from the measurement of the irradiance spectrum
nd is a quotient of the power registered by a broadband receiver
nd the density of the detected photon stream in this range, i.e.
ccording to the Eq. (1) [10–12]:

1 Taking into consideration that the measuring systems at the SolarLab laboratory
re in shadow during early morning hours (i.e., for very low angles of the Sun setting
nd rising in the sky), it was  necessary to supplement the data from an independent
easuring system at AGH Kraków, which was free from such problems. This regards,

n  particular, the presentation of the relations of instantaneous values of UF and APE
oefficients with the value of AM coefficient.
2  0.3 - 2.5 1.48
3  0.3 - 1.7 1.62
4  0.3 - 1.1 1.86

APE =

�2∫

�1

[ϕph(�) · Eph(�)]d�

q

�2∫

�1

ϕph(�)d�

=

�2∫

�1

GPOA(�)d�

q

�2∫

�1

ϕph(�)d�

, (1)

where: APE of solar irradiance in [eV], q – electron charge, ϕph (�) –
spectral photon flux density in solar light with wavelength �, Eph(�)
– photon energy with wave length � in [J], GPOA(�) - is the spectral
irradiance GPOA in [Wm−2 �m-1]; (�1; �2) – the integration limits,
ϕph – is the photon spectral flux density [cm−2s-1 �m-1].

The analysis method of solar irradiance spectrum with the use of
APE has many advantages. One of them is a very strong correlation
between APE and the short-wave range of solar irradiance spectral
characteristics which considerably influences efficiency of photo-
voltaic cells. Moreover, the setting as a unit of [APE] = eV, allows
fully for illustration of the spectral match of the absorber used in a
PV cell/module with the occurring solar irradiance spectrum. How-
ever, it should be emphasised, that the APE value depends on the
integral range of the Eq. (1). The effect is presented in Table 1, where
the obtained results of APE of the standard irradiance spectrum
(STC) [13], i.e. irradiance type AM1.5 G [13,14] are compared, using
different widths of the measuring equipment operating band.

The most appropriate definition for APE would refer to the aver-
age value of photon energy obtained from the measurement with
the use of the full earth range of solar irradiance spectrum (0.3–4.0)
�m, as the obtained result gives the actual value of APE. How-
ever, the measuring instruments in that range are very rare and
not adjusted to operate in long-time measuring cycles. Taking into
consideration that the spectral range of solar irradiance with the
distribution type AM1.5 G in the range from 0.3 to 2.5 �m includes
over 98% of its power, taking measurements in this range becomes
very interesting. However, the access to the equipment operating
in such a wide range is quite difficult. Nevertheless, a measurement
taken in the range to 1.7 �m can be easily extended to 2.5 �m with
sufficient modelling precision - e.g. the measurement range exten-
sion method 0.3–1.1 �m of the silicon sensor, to the measurement
range of a spectroradiometer, i.e. to 4.0 �m,  was  already prepared
at NREL (National Renewable Energy Laboratory – Golden Colorado
– USA) [15].

Content of UF in solar irradiance spectrum

UF is the proportion of the power included in the range of solar
irradiance spectrum, limited by the spectral sensitivity range of

semiconductor absorber of a PV cell/module (e.g., c-Si, mc-Si, CIS,
a-Si SJ, a-Si TJ)2 to the power of solar irradiance recorded with
a wide-range measuring device with the operational range (�m;
�cut) [16,17], i.e. determined according to Eq. (2):

2 c-Si - monocrystalline silicon, mc-Si - multicrystalline silicon, CIS - modules with
CuInSe2 absorber, a-Si SJ - modules from amorphous silicon one and a-Si SJ - and
three-junction.
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Fig. 1. Determination of the conversion band for indiv

F (t) =

�2∫

�1

P(�)d�

�cut∫

0.3�m

P(�)d�

=

�2∫

�1

GPOA(�)d�

�cut∫

0.3�m

GPOA(�)d�

, (2)

here, �cut – limit wavelength measured by a device (default
.7 �m),  (�1; �2) – spectral sensitivity band defined as wavelength
ange, for which the standardised value of a cell spectral response
Rnorm ≥0,5 (see Fig. 1), P(�)  – spectral density of irradiance power
ith wavelength � in plane of array, GPOA(�) - spectral irradiance
POA.

By replacing in Eq. (2) instantaneous power values with
aily/monthly values of solar irradiance energy recorded in the
ame ranges, one obtains daily/monthly values of useful fractions
3/4):

Fday =

day∫

0

�2∫

�1

P(�)d� · dt

day∫

0

�cut∫

0.3�m

P(�)d� · dt

(3)

Fmonth =

�2∫

�1

Emonth(�)d�

�cut∫

0.3�m

Emonth(�)d�

. (4)
As in the case of determining the APE value, the value of UF
epends on the measuring device integration band.

Modification of the UF coefficient involves using characteristics
f SR instead of conversion band of PV cells/modules [18]. Then, the
absorbers of PV cells based on SR characteristics [16].

expressions: instantaneous/daily/monthly value of UF coefficient
take the following forms, respectively (5 / 6 / 7):

UFSR (t) =

�cut∫

0.3.�m

[SR(�) · P(�)]d�

�cut∫

0.3�m

P(�)d�

(5)

UFSR day =

day∫

0

�cut∫

0.3�m

[SR(�) · P(�)]d� · dt

day∫

0

�cut∫

0.3�m

P(�)d� · dt

(6)

UFSR month =

month∫

0

[UFSR day (t) · Eday(t)]dt

montht∫

0

Eday(t)dt

. (7)

Certainly, modification of these coefficients causes a consider-
able increase of their precision and reflecting the influence on the
parameters achieved by typical PV modules. However, it also causes
narrowing of the usefulness range. Reasons: 1) the obtained results
shall be dedicated only to a given module, with defined spectral
characteristics, 2) due to the unit SR(�) [A/W] - the obtained result
from an expression modified in this way for UF has another physical
interpretation. It does not directly represent the influence of solar
irradiance spectrum useful fractions on the power conversion abil-
ity of the selected modules, but the ability to generate current ISC

of a PV module.
The UF parameter is dedicated to a given type of a PV

cell/module. It characterises solar irradiance spectrum, directly

providing information on the content of the useful spectrum range,
which participates in photovoltaic conversion, for a given type of
a PV cell/module. It does not contain information on the influence
of the irradiance spectrum on other cells/structures, with different
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Table 2
Technical parameters of the analysed modules in standard test conditions (STC) [35].

Typea Im(STC) Um(STC) Pm(STC) ISC (STC) UOC (STC) Rs according to IEC 60891 [36]
[A]  [V] [Wp] [A] [V] �

M96  a-Si SJ 0.82 34 28 1.05 50.7 3.7
M48  a-Si TJ 3.34 16.3 55.3 4.24 23 0.17
M28  c-Si 4.65 7.74 33 4.68 9.7 0.07
M39  CIS 0.44 20.74 9.3 0.5 26 3.19
M30  mc-Si 4.66 7.44 34.6 5.08 9.8 0.04
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M35  mc-Si 4.66 7.9 35.5 

a [M96] a-Si SJ – numer of the tested module (M96), [a-Si SJ] mark of the used 

ilicon,  CIS - with CuInSe2 absorber, a-Si SJ - modules from amorphous silicon one a

anges of spectral sensitivity, and does not inform about the inten-
ity of solar irradiance present during the measurement or daily
alue of irirradiance energy. In the article, all determined values of
PE and UF are related to the integration range of the measuring
evice B = (0.3; 1.7) �m.

ethodology determination of APE and UF

In this article, the average photon energy of solar radiation inci-
ent on the plane of array (POA) is determined with the solar
pectrum [19] proprietary software, jointly developed by Dr. T.
˙ danowicz and Prof. M.  Ząbkowska-Wacławek, used to determine
he solar radiation spectrum distribution based on instantaneous

easurement data from a local weather station. The developed
orresponding ddl. library has enabled to automate the stud-
es/calculations. In order to verify the correct determination of APE,
he measuring range of the equipment used was the same as at
REST (Center for Research in Engineering, Science and Technol-
gy, UK) laboratory, i.e. between 0.3 and 1.7 �m.  The spectrum
reation model applied in solar spectrum uses SEDES2 software
odes by Nann and Bakenfelder [20,21], which is a modified version
f the 1986 SPECTRAL2 model by Bird and Riordan [22–24], with
he Perez model in order to determine the diffuse component value
n the inclined surface of POA modules [25,26], extended by the
mpirical modification model of the cloud day spectrum [27,28].
he cloud day modifier used is a function of wavelength, Air Mass
AM), broadband ratio of global irradiance: measured in the plane of
he horizon and from the determined bright sky spectral distribu-
ion. This simulator calculates the solar radiation spectrum within
he range between 0.3 and 2.5 �m.  However, the application work-
ng with the simulator calculates APE and UF from the radiation
ncident on POA that is much below 25 W/m2. This measurement
rocedure is an inexpensive general purpose method to determine
PE and UF.  In the completed studies, the measurement range cor-
esponding to a typical spectroradiometer of B = (0.3÷1.7) �m was
ssumed.

imitations of the APE and UF determination procedure

The determination of spectral parameters of APE and UF requires
hat the solar radiation spectrum be determined. This can be done
ith the use of a broad band spectroradiometer or it can be gener-

ted in a simulator, for the set meteorological conditions. Precision
lasses of SMARTS2, SPECTRAL2, MODTRAN or BRITE type of simu-
ator are within 5% and are comparable with the data obtained from
pectroradiometers [29–32]. The main problem is a very long term
pectrum scanning by spectroradiometers, which makes it impos-
ible to capture the dynamics in measurements carried out outdoor
nd, in the case of simulators, estimation error of the instanta-

eous content of water vapour in the air. This is one of the main

nput parameters for a simulation and amounts to approximately
w ∼= 20% [29,33]. In the case of the degree of conformity used typ-

cal for a given cell absorber /SR response characteristic module,
4.83 9.8 0.043

er in a PV module, where: c-Si - monocrystalline silicon, mc-Si - multicrystalline
Si SJ - and three-junctions.

it should be noted that in fact, within one material group, these
differences can be quite significant. In these times of fast technolog-
ical progress in cells/modules manufacturing, attempts to increase
their efficiency - actual characteristics of spectral sensitivities may
differ considerably, even within one group of cells.

Objective of study

The objective of the research was  to present a prepared method
for determining the values of the coefficients: UF and APE and con-
necting determined coefficients with operation of modules made
of different absorbers in outdoor conditions. For this purpose, the
most complete data from an automatic system for monitoring the
basic parameters of the tested PV modules were the research sub-
ject. On the basis of the recorded measurement data [34] their
parameters were determined and included in Table 2 and became
the basis for presenting the above mentioned results.

Adjustment of the influence of temperature and solar irradiance
intensity on study results

Demonstrating in the experimental (physical) way the influ-
ence of UF and APE coefficients on the photovoltaic conversion
capacity of modules made of different absorbers in outdoor condi-
tions, requires compensating the influence of temperature change
of the tested modules and solar irradiance value on the parameters
obtained by the modules. It can be done with reference to:

1) constant standard temperature of cells TC = 25 ◦C and irradi-
ance intensity GPOA = 1000 W/m2, or

2) constant standard temperature of cells TC = 25 ◦C and conver-
sion to 1 W of intensity GPOA of the irradiance falling on POA.

The first method is carried out with the use of standard formu-
las of translation to STC conditions [13] for all values of currents
and voltages of the maximum power point, according to Blaesser’s
method [36–39] described by the following Eqs. (8–10):

Im(25 oC; 1000 W/m2) = Im(t)
1000

GPOA(t)
(1 + ˛m · (25 − TC (t))) , (8)

Um(25oC; 1000 W/m2) = Um(t) + ˇm · (25 − TC (t))

+ N
kT

q
ln

(
1000

GPOA(t)

)
− RS ·

(
Im(25oC; 1000 W/m2) − Im(t)

)
, (9)

Pm(25oC; 1000W/m2) = Im(t) · Um(t), (10)

where N- quantity of cells in the PV module’s string, Rs- serial resis-
tance of a module.

In the case of the second method, partial translation is carried
out, i.e. only translation of currents and voltages values of maxi-

mum power point of a module, to temperature TC = 25 ◦C, i.e. using
Eqs. (11–15):

Im(25 oC) = Im(t) + ˛m(t) · (25 − TC (t)) , (11)
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ig. 2. Comparison of differences of the results obtained with reference to the con
nd  with reference to the constant standard temperature of cells TC = 25 ◦C and con
ut  up to the value obtained at 12 local solar time.

m(25oC) = Um(t) + ˇm(t) · (25 − TC (t))

− RS ·
(

Im(25oC) − Im(t)
)

, (12)

m(t) = ˛m(GPOA) · GPOA(t), (13)

m(t) = ˇm(GPOA) · GPOA(t), (14)

Pm(25oC)
GPOA

= f (UF;  APE) . (15)

In this case, a module power at maximum power point (MPP),
ivided by the value of intensity of the irradiance falling on the
lane of the tested modules (GPOA), i.e. reference function in the
orm of Pm(25oC)

GPOA
= f (UF;  APE) - illustrates the influence of the value

f UF and APE coefficients on the PV conversions of the tested mod-
les.

Initially, the temperature coefficients �m for the current (Im)
nd �m for the voltage (Um) at MPP, were determined for each
odule. Considering that temperature coefficients strongly depend

n the value of solar irradiance intensity [40–43], it was  deter-
ined by step every 50 W/m2, increasing the density in the

ange of very low irradiance values, i.e. for the following inten-
ity values: 25 ± 3 W/m2, 50 ± 3 W/m2, 75 ± 5 W/m2, 100 ± 5 W/m2,
50 ± 5 W/m2, 200 ± 5 W/m2, 250 ± 5 W/m2,. . ...1150 ± 5 W/m2.
aking into consideration large spread of their values (the effect
f strong connection with solar irradiance intensity), in order to
ncrease precision of translation, they were approximated with the
olynomial of degree 7. In this way the functions of temperature
oefficients were obtained: ˛m(GPOA) and ˇm(GPOA) - define actual
alues of temperature coefficients for the set values of intensity.
urther in the article, the coefficients were used to estimate the
ctual power output of modules, in line with Eqs. (11,12 and 15).

In Fig. 2(a) comparison of differences in the progress of PV con-

ersion normalised3 graphs, determined in line with method 1 and
, was presented. In spite of a considerable difference in the physi-
al interpretation of these values, they actually represent very close

3 In the following part of the article, all the normalisation procedures were carried
ut  up to the values that the modules obtained during the zenith hours of the sun
i.e., at 12 LST).
tandard temperature of cells TC = 25 ◦C and irradiance intensity GPOA = 1000 W/m2,
n to 1 W of intensity GPOA falling on the POA plane. The normalisation was carried

values. It is evident that the method 2-a, i.e. presentation with ref-
erence to 25 ◦C and in conversion to 1 W GPOA, is the same, in the
range of high intensity values of solar irradiance, with the progress
presented with reference to STC conditions (method 1). Noticeable
differences occur only in the range of large and very large deviations
from 1000 W/m2, i.e. in early morning and late evening.

In Fig. 3(a) the influence of accepting the erroneous value of
serial resistance Rs. was presented. Accepting the understated resis-
tance Rs = 0.1 � vs.  the actual one, which was calculated according
to IEC 60891 [35] for the module M96  a-Si SJ amounts to Rs = 3.7 �,
and results in occurrence of two separate trajectories. One applies
to measurements taken before noon and the other in the afternoon.
Each trajectory is an approximate linear function [see Fig. 3a)].
Adjusting the values of serial resistance to its actual value Rs = 3.7
�,  causes mutual convergence of the trajectories and change of
their distribution, which is approximated by exponential function
[Fig. 3b)]. This mutual divergence of the trajectories, which illus-
trate before noon vs.  afternoon data points in the graph of the UF
function, illustrates the lack of sufficient compensation of third
factors, which disturb the analysis carried out. The compensation
was increased by refraining from the use of average temperature
value coefficients and the use of the function ˛m(GPOA), ˇm(GPOA),
thanks to which, in line with (13-14) it is possible to define them
individually for the specific value of GPOA. Application of this pro-
cedure resulted in a total convergence of before- and afternoon
trajectories. Fig. 3(c), the remaining points along the exponential
approximation line are the effect of, among others, the so-called
inertia of the system for measuring the temperature of the p-n
junction cell in the tested PV module.

In Fig. 3d) the results with the use of the second method were
presented, i.e. with reference to 1 GPOA in Fig. c) for comparison.
Remarks:

• the courses from Fig. 3c) and 3d) have the same ranges and dis-
tribution;

• the use of presentation for 1 W GPOA (i.e. method 2) gives better
concentration of points around the exponential approximation
line.

• the method used does not require knowledge of the number

of cells (N) serially connected in the tested module. The data
recorded in the measuring system is sufficient.

• it enables simple transfer to the studies with the use of energy
values.



154 T. Rodziewicz, M. Rajfur / Opto-Electronics Review 27 (2019) 149–160

F eristic
r b) spe
c  of sta
o on up

C

1

2

3

4

R

I

A

o

w

ig. 3. The influence of the illustration method from Fig. 2 on PV conversion charact
esistance Rs = 0.1 � (a typical resistance for thick-layer silicon cells was  assumed); 

)  with the use of standard formulas of power Pm to STC conditions; d) with the use
f  intensity GPOA of irradiance falling on POA. All graphs were subject to normalisati

onclusions

 The studies with the use of: daily/monthly values of energy yield
- carried out with reference to 1 Wh  of energy of the solar irradi-
ance falling on 1 m2 of the POA plane of the tested module. In this
case, the translation of instantaneous values of the PV parameter
modules to STC conditions serves no purpose, as:

 we do not get rid of the interferences from shading of PV modules
for higher AM values, but we emphasise them;

 we cannot refer the results to 1 Wh  of the energy falling on a PV
module.

 The analysis with the use of energy values is resistant to the
momentary shadowing at sunset and sunrise. The shadowing
of the object during these hours, i.e. for the large AM values, as
well as during short periods in other hours, involves very small
energetic interference values [44], as they are minimised and do
not imply major errors in the daily, monthly or annual energy
balance.

esults and discussion

nfluence of UF/APE parameters on PV module operation
nalysis of instantaneous power values
Figure 4 and Figure A1-114 present a comparison of the course

f power function Pm according to (15) for different modules with

4 Due to the large number of figures, the article contains only one example figure,
hile the others are included in the Supporting Information.
s according to UF contents for a module with a-Si SJ: a) for the understated value of
cific resistance Rs = 3.7 � and averaged constant values of temperature coefficients;
ndard translation formulas of cell temperature to TC = 25 ◦C and conversion to 1 W

 to the Pm value at 12 LST.

instantaneous: a) content of UF;  c) APE value - according to time
of day and the course of power reference function Pm from: b) UF
content, d) APE value – of solar irradiance spectrum.

The studies have been carried out for different days with vari-
ous meteorological conditions and the article presents the results
focused on warm and hot days, with various cloudiness degrees,
from heavy to light with flashes of bright sky, marked in graphs
with the symbols: LIMT, MIMT,  LIHT, MIHT.  This was done on pur-
pose, due to the large amount of already collected material an to
the fact that during the selected days, the optimum dynamics of UF
and APE of solar irradiance spectrum changes - for the presenta-
tion of the influence of the photovoltaic conversion capacity of the
modules made of different absorbers, in outdoor conditions.

The day symbols used in these figures were taken from the IEC
61853 project described in Refs. 45–48 and in Refs. 49,50, which
differentiates six different days as typical for external conditions for
PV modules operation, relevant for different locations and seasons
of the year. They can be briefly characterised as:

1) HIHT (high irradiance, high temperature) - typical very hot and
sunny summer day in a desert location with peak irradiance
1100 W/m2 and peak ambient temperature as high as 45 ◦C;

2) MIHT (medium irradiance, high temperature) -typical very hot
but cloudy and humid summer day with medium irradiance

below 600 W/m2 and ambient temperature Tamb = 27 ÷ 33 ◦C;

3) HILT (high irradiance, low temperature - day typical for
early spring season with high value of irradiance exceeding
1000 W/m2 and low ambient temperature Tamb =-1 ± 3 ◦C;
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ig. 4. Summary of the course of normalised power function Pm according to (15) w
f  power reference function Pm from: b) UF content, d) APE value - of solar irradia
ool  and cloudy April day, referred to as LIMT.

) LILT (low irradiance, low temperature) - typical winter day in
Central Europe with low irradiance Gmax ∼= 260 W/m2 and Tamb

= -0.6 ÷ 0 ◦C;
) MIMT  (medium irradiance, medium temperature) - warm but

cloudy day with peak irradiance Gmax ∼= 350 W/m2 and ambient
temperature Tamb = 7 ± 14 ◦C;

) NICE (normal irradiance, cool environment) -typical summer
day in a cool coastal region with peak irradiance 1000 W/m2

and ambient temperature Tamb = 18 ◦C.

In order to fully characterise these days, daily irradiation energy
alues were included in each graph: global E0 and that from the
iffusion component ES of solar irradiation falling on the horizon
lane, EPOA – energy of irradiation falling on the plane of the tested
odules, and a daily value of cloudiness index ks/o.
Figures (4, A1-11) clearly demonstrate the influence of the spec-

ral parameters of solar radiation, such as: UF and the average value
f photon energy of solar radiation spectrum, on the efficiency of
hotovoltaic conversion of modules made of various absorbers in
utdoor conditions. A very good spectral match for uni- and three
unction modules, made of amorphous silicon, at sunrise and sun-
et and during operation with predominantly cloudy conditions,
eserves special attention. Particularly with regard to MIMT  and
IHT type days (Fig. A6-11). As a result of the strong dampening

f the long wavelength components of solar irradiation spectrum,
ith high AM values and water vapour content in the atmosphere

 the w spectrum becomes more “blue”. That is it contains fewer

ow-energy photons, i.e. so it APE and UF increase for amorphous

odules. A similar phenomenon occurs during momentary cover-
ng of the sun by a cloud. Shadowing of the direct solar irradiation
omponent, with a constant level of the diffused component causes
tantaneous: a) content of UF; c) APE value - according to time of day and the course
ectrum. The study included monocrystalline silicon modules (M-28 c-Si) during a

a change in its instantaneous distribution. They have different dis-
tributions. In effect, the spectrum also becomes more “blue” (i.e.,
its APE increases). In practice, these phenomena are frequently
observed during tests of PV module groups in outdoor conditions.
More information on the above topic is included in Ref. 1. R.
Gottschalg [51,52] obtained very similar results of the impact of
APE and UF variations in relation to the ISC current of uni- and three
junction modules, made of amorphous silicon a-Si SJ and a-Si TJ.

Analysis of daily energy values
Figures 5, 6 present the influence of daily/monthly values of the

selected UF and an average daily photon energy of solar radiation
spectrum, on the energy accumulation capacity of PV modules with
absorbers made of different materials. Figures in the graphs illus-
trate the obtained yield for a selected day in a year, whereas the
figures in the box - for a selected month in a year. The studies
were carried out in the laboratory of SolarLab PW Wroclaw. The
daily/monthly values of useful fractions (UF) used in the studies,
were determined according to Eqs. (2) and (3). Similarly, the daily
average of photon energy values of solar irradiation spectrum (16)
were determined, i.e.:

APE =

day∫

0

�2∫

�1

GPOA(�)d� · dt

.  (16)
day
day∫

0

q

�2∫

�1

ϕph(�)d� · dt
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Fig. 5. The influence of daily (a,d,g)/monthly (b,e,h) values of the selected UF and the daily APE values (c,f,i) of solar irradiation spectrum on the energy accumulation capacity
of  the selected modules made of monocrystalline (c-Si)(a–c), multicrystalline (mc-Si)(d–f) silicon and with CIS-u(g–i). The studies were carried out for meteorological
conditions prevailing in Wroclaw.

Fig. 6. The influence of daily (a,d)/monthly (b,e) values of the selected UF and the daily APE values (c,f) of solar irradiation spectrum on the energy accumulation capacity
of  the uni- and triple junction modules made of amorphous silicon (a-Si SJ)(a–c) / a-Si TJ(d–f)). The studies were carried out for meteorological conditions prevailing in
Wroclaw.
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Fig. 7. Verification of the M96  a-Si SJ module absorber. A certain difficulty exists in separating the applied amorphous silicon structure to a uni- /triple junction type. The
use  of a unijunction is supported by the higher R2 factor and better concentration of measurement points in the graph b) vs.  the graph d). The presented graphs e)–j) clearly
exclude  the use of the c-Si, mc-Si type absorber. The studies were carried out in the laboratory of SolarLab PW Wroclaw.
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Daily/monthly energy yield values - carried out with reference
o 1 Wh  of energy of the solar irradiance falling on 1 m2 of the POA
lane of the tested module, i.e. according to Eqs. (17) and (18):

EPV day in 25oC

EPOA day
=

day∫

0

Pm in 25oC (t) dt

day∫

0

GPOA (t) dt

, (17)

EPV month in 25oC

EPOA month
=

month∫

0

Pm day in 25oC (t) dt

month∫

0

GPOA day (t) dt

. (18)

The obtained results confirm the occurrence of a strong influ-
nce of daily and monthly values of useful fractions on the energy
ield by individual PV modules. In the case of an analysis of the
nfluence of daily APE values, one can notice, for the modules with
-Si, CIS, and even mc-Si, in certain areas, the lack of influence or
ven decrease of energy yield according to APE value growth. More-
ver, this phenomenon may  also be observed in Fig. 5h), where the
unction of monthly energy value yield from UF,  for the modules
ith CIS, also demonstrates growth areas and decrease of incli-
ation. This phenomenon becomes more evident in the modules
ith the wider bands of spectral sensitivity. This is caused by the

act that in the case of the modules with wider bands of spectral
ensitivity (comparable with the first window of solar irradiation
pectrum, i.e. to 1.35 �m),  changes of the average photon energy
alues APE, and even UF,  for a defined distribution of solar irradi-
tion spectrum, have a different mode of influence than from the
arrow band modules. For the narrow band modules, such as: a-
i Sj, a-Si TJ – an increase in the average daily/monthly values of
PE or UF causes an increase in the quantity of photons that may
onverted in the module [Figs. 6a)–f)].

In the case of broadband modules, the increase in the average
aily APE value causes, in the area of small values: stagnation or
ery little increase of energy yield capacity, whereas in the area of
arge values (i.e., APE 1.6 eV) - a considerable decrease of energy
ield capacity [Figs. 5c) and i)]. In this case, in the area of small APE
alues, the increase of the APE value due to a wide band of spec-
ral sensitivity causes very little or no disturbance of the number
nd energy distribution of the falling photons with PV conver-
ion capacity. Whereas, in the range of large APE values (i.e., APE
.6 eV), further increase of APE causes dampening of high-energy
hotons in module construction elements (i.e., cell windows, glass,
tc.) which, combined with a simultaneous very large decrease of
ong-wave photons quantity, causes a statistical change of the vol-
me  and distribution of energy of the absorbed photons, which
articipate in PV conversion in the module.

In the case of modules with CIS, the discussed phenomenon may
e observed even in the monthly graphs of energy yield accord-

ng to monthly values of useful fractions [Fig. 5h)]. This is caused
y the fact that making analyses of energy yield capacity accord-

ng to monthly values of useful fractions is carried out by double
veraging of fraction energy - one averaging for a day and one
or a month. Moreover, a very wide band of spectral sensitivity

resent in CIS results in low sensitivity of energy yield according to
onthly changes of useful fraction values. R. Gottschalg [51-52] and
. Louwen obtained very similar results of the impact of changes in
PE and UF on PV conversion of investigated modules.
nics Review 27 (2019) 149–160

The use of USEFUL FRACTION factor to identify the absorber used
in a PV module

Figures 7 and Figures A12-13 present, on the example of two
modules - M96  a-Si SJ and M28  c-Si, application of the analysis
with the use of daily distribution of UF of solar irradiation spec-
trum, in identification of the used absorber in PV modules. The
studies were carried out for different days. As can be noticed, iden-
tification between two  groups of absorbers: a-Si SJ, a-Si TJ and c-Si,
mc-Si, CIS causes no problems. Whereas identification within these
groups often requires implementation of analyses generated dur-
ing several days. Additional, deeper analyses are required, including
analyses of consolidation of points distributions in the graphs of
power functions (15), i.e. Pm(25◦C) ·

[
1/GPOA(t)

]
norm

, and analyses
of the obtained results from daily and monthly values of energy
distribution.

In every case, the quality and workload level of the performed
analyses for identification of the used absorber depends on:

Conformity of spectral sensitivities in the applied PV absorber
models,

1 Precision of defining temperature factors for the tested modules,
i.e. ˛m(t) = ˛m(GPOA) · GPOA(t), and ˇm(t) = ˇm(GPOA) · GPOA(t);

2 Occurrence of shading of the meteo station sensors by nearby
objects and tree branches. Another factor is uneven shading of
the meteo station sensors and tested modules, in particular the
measuring unit GPOA;

3 Precision of the used measuring equipment, i.e. measuring units
of the meteo station and electrical parameters of the tested PV
modules, precision of the modules temperature measurements
and so-called inertia of the temperature measurement unit of p-n
junction of a cell, for the tested PV module.

Conclusions

The following conclusions can be drawn from the research:

1 The study results clearly demonstrate the direct effect of the solar
irradiation spectral parameters, such as UF value, determined in
line with (2-4) or APE - on the characteristics of modules for
power conversion in outdoor conditions;

2 The effect of UF on the capacity of modules for photovoltaic con-
version in outdoor conditions is of qualitative and not quantitative
character. This is caused by two  factors: a) precision of determina-
tion of the UF content for solar irradiation spectrum and b) level
of conformity of SR characteristics and the approved model for a
defined PV absorber. In the case of the degree of conformity used
typical for a given cell absorber / SR response characteristic mod-
ule, it should be noted that in fact, within one material group,
these differences can be quite significant. In the era of rapid
progress in the development of cell / module production tech-
nology, striving to improve their efficiency - real characteristics
of spectral sensitivity in even within one group of cells may  dif-
fer significantly. Applying the modification of useful fraction factor,
i.e. using PV cells spectral response characteristics (SR) relations
(5, 6, 7) instead of their transfer band will certainly increase their
precision and the achieved parameters. However, this also causes
a narrowing of the usefulness range. The obtained results will be
dedicated only to an individual module with a defined spectral
characteristics, and will refer directly only to the ISC current gen-

eration capacity of modules. Therefore, ex definition, the idea of
the use of the useful fraction factor is - not quantitative but quali-
tative reflection of the influence the actual climate conditions on
the conversion capacity of the selected PV modules;
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 The inexpensive method to determine the spectral adjustment
with the use of such factors as APE and UF presented in the article,
not requiring an expensive spectroradiometer, may  be used for
qualitative analyses using UF and APE factors in relation to the
ability to convert modules outdoors.

This article is a continuation of studies on the determination of
olar energy resources for photovoltaic purposes and, together with
he maps presented there: daily, monthly, annual values of APE and
F distributions, enables to make the optimal selection of PV mod-
les for dedicated meteorological conditions of a given area. The
resented results confirm the usefulness of the procedures for the
etermination of spectral coefficients of solar radiation (APE and
F), and enable to prepare distribution maps of these coefficients
y other scientific centres that do not have expensive spectrora-
iometer at their disposal.

The authors hope that publication of this article shall contribute
o preparation of local maps and UF and APE distributions and pop-
larisation of their use in estimating usefulness of modules made
rom different absorbers, in specific conditions of operations in
utdoor conditions.
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Pinazo, A comparative study of SPECTRAL2 and SMARTS2 parameterized
model based on spectra irradiance measurements at Valencis (Spain), Solar.
Energy 63 (1998) 161–171 https://www.sciencedirect.com/science/article/
pii/S0038092X98000589.

32] A. Foyo-Moreno, J. Vida, F.J. Olmo, L. Alados-Arboledas, Estimating solar
ultraviolet irradiance (290-385 nm)  by means of the spectral parametric
models: SPCTRAL2 and SMARTS2, Ann. Geophys. Discuss. 18 (2000)
1382–1389 https://link.springer.com/article/10.1007/s00585-000-1382-2.

33] C.A. Gueymard, Analysis of monthly average atmospheric precipitable water
and turbidity in Canada and Northern United States, Sol. Energy 53 (1994)
57–71, http://dx.doi.org/10.1016/S0038-092X(94)90606-8.

34] IEC 60904-1: Measurement of photovoltaic current-voltage characteristics,
IEC norm No. 60904-1 2nd edition, 2006-09. https://www.iec.ch/search/
?q=IEC%2060904-1.
35] IEC 60891, Procedures for temperature and irradiance corrections to
measured I-V characteristics of crystalline silicon photovoltaic devices, IEC
norm No. 60891 2nd edition, 2009-12, https://www.iec.ch/search/
?q=[17]IEC%2060891.

https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
https://doi.org/10.1016/j.opelre.2019.05.004
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.2478/eces-2013-0014
dx.doi.org/10.1002/pip.2848
dx.doi.org/10.1002/pip.2848
dx.doi.org/10.1002/pip.2848
dx.doi.org/10.1002/pip.2848
dx.doi.org/10.1002/pip.2848
dx.doi.org/10.1002/pip.2848
dx.doi.org/10.1002/pip.2848
dx.doi.org/10.1002/pip.2848
https://www.sciencedirect.com/science/article/pii/S0927024813002961
https://www.sciencedirect.com/science/article/pii/S0927024813002961
https://www.sciencedirect.com/science/article/pii/S0927024813002961
https://www.sciencedirect.com/science/article/pii/S0927024813002961
https://www.sciencedirect.com/science/article/pii/S0927024813002961
https://www.sciencedirect.com/science/article/pii/S0927024813002961
https://www.sciencedirect.com/science/article/pii/S0927024813002961
https://www.sciencedirect.com/science/article/pii/S0927024813002961
https://www.sciencedirect.com/science/article/pii/S0306261902001447
https://www.sciencedirect.com/science/article/pii/S0306261902001447
https://www.sciencedirect.com/science/article/pii/S0306261902001447
https://www.sciencedirect.com/science/article/pii/S0306261902001447
https://www.sciencedirect.com/science/article/pii/S0306261902001447
https://www.sciencedirect.com/science/article/pii/S0306261902001447
https://www.sciencedirect.com/science/article/pii/S0306261902001447
https://www.sciencedirect.com/science/article/pii/S0306261902001447
https://www.sciencedirect.com/science/article/pii/S0927024814005169
https://www.sciencedirect.com/science/article/pii/S0927024814005169
https://www.sciencedirect.com/science/article/pii/S0927024814005169
https://www.sciencedirect.com/science/article/pii/S0927024814005169
https://www.sciencedirect.com/science/article/pii/S0927024814005169
https://www.sciencedirect.com/science/article/pii/S0927024814005169
https://www.sciencedirect.com/science/article/pii/S0927024814005169
https://www.sciencedirect.com/science/article/pii/S0927024814005169
dx.doi.org/10.1002/pip.2194
dx.doi.org/10.1002/pip.2194
dx.doi.org/10.1002/pip.2194
dx.doi.org/10.1002/pip.2194
dx.doi.org/10.1002/pip.2194
dx.doi.org/10.1002/pip.2194
dx.doi.org/10.1002/pip.2194
dx.doi.org/10.1002/pip.2194
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
http://www.pvsc-proceedings.org/
http://www.pvsc-proceedings.org/
http://www.pvsc-proceedings.org/
http://www.pvsc-proceedings.org/
http://www.pvsc-proceedings.org/
http://www.pvsc-proceedings.org/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.sciencedirect.com/science/article/pii/S0927024806003369
https://www.sciencedirect.com/science/article/pii/S0927024806003369
https://www.sciencedirect.com/science/article/pii/S0927024806003369
https://www.sciencedirect.com/science/article/pii/S0927024806003369
https://www.sciencedirect.com/science/article/pii/S0927024806003369
https://www.sciencedirect.com/science/article/pii/S0927024806003369
https://www.sciencedirect.com/science/article/pii/S0927024806003369
https://www.sciencedirect.com/science/article/pii/S0927024806003369
http://kashanu.ac.ir/Files/Content/Handbook.pdf
http://kashanu.ac.ir/Files/Content/Handbook.pdf
http://kashanu.ac.ir/Files/Content/Handbook.pdf
http://kashanu.ac.ir/Files/Content/Handbook.pdf
http://kashanu.ac.ir/Files/Content/Handbook.pdf
http://kashanu.ac.ir/Files/Content/Handbook.pdf
http://kashanu.ac.ir/Files/Content/Handbook.pdf
http://kashanu.ac.ir/Files/Content/Handbook.pdf
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP_ORG_ID:1276
https://www.sciencedirect.com/science/article/pii/S0038092X03000057
https://www.sciencedirect.com/science/article/pii/S0038092X03000057
https://www.sciencedirect.com/science/article/pii/S0038092X03000057
https://www.sciencedirect.com/science/article/pii/S0038092X03000057
https://www.sciencedirect.com/science/article/pii/S0038092X03000057
https://www.sciencedirect.com/science/article/pii/S0038092X03000057
https://www.sciencedirect.com/science/article/pii/S0038092X03000057
https://www.sciencedirect.com/science/article/pii/S0038092X03000057
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
https://www.sciencedirect.com/science/article/pii/S0927024803001065
https://www.sciencedirect.com/science/article/pii/S0927024803001065
https://www.sciencedirect.com/science/article/pii/S0927024803001065
https://www.sciencedirect.com/science/article/pii/S0927024803001065
https://www.sciencedirect.com/science/article/pii/S0927024803001065
https://www.sciencedirect.com/science/article/pii/S0927024803001065
https://www.sciencedirect.com/science/article/pii/S0927024803001065
https://www.sciencedirect.com/science/article/pii/S0927024803001065
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0090
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0095
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0100
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0105
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0110
http://rredc.nrel.gov/solar/pubs/spectral/model
http://rredc.nrel.gov/solar/pubs/spectral/model
http://rredc.nrel.gov/solar/pubs/spectral/model
http://rredc.nrel.gov/solar/pubs/spectral/model
http://rredc.nrel.gov/solar/pubs/spectral/model
http://rredc.nrel.gov/solar/pubs/spectral/model
http://rredc.nrel.gov/solar/pubs/spectral/model
http://rredc.nrel.gov/solar/pubs/spectral/model
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0120
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0125
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0130
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0135
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0140
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/grid/solar-resource/smarts.html
https://www.nrel.gov/docs/fy02osti/32284.pdf
https://www.nrel.gov/docs/fy02osti/32284.pdf
https://www.nrel.gov/docs/fy02osti/32284.pdf
https://www.nrel.gov/docs/fy02osti/32284.pdf
https://www.nrel.gov/docs/fy02osti/32284.pdf
https://www.nrel.gov/docs/fy02osti/32284.pdf
https://www.nrel.gov/docs/fy02osti/32284.pdf
https://www.nrel.gov/docs/fy02osti/32284.pdf
https://www.sciencedirect.com/science/article/pii/S0038092X98000589
https://www.sciencedirect.com/science/article/pii/S0038092X98000589
https://www.sciencedirect.com/science/article/pii/S0038092X98000589
https://www.sciencedirect.com/science/article/pii/S0038092X98000589
https://www.sciencedirect.com/science/article/pii/S0038092X98000589
https://www.sciencedirect.com/science/article/pii/S0038092X98000589
https://www.sciencedirect.com/science/article/pii/S0038092X98000589
https://www.sciencedirect.com/science/article/pii/S0038092X98000589
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
https://link.springer.com/article/10.1007/s00585-000-1382-2
dx.doi.org/10.1016/S0038-092X(94)90606-8
dx.doi.org/10.1016/S0038-092X(94)90606-8
dx.doi.org/10.1016/S0038-092X(94)90606-8
dx.doi.org/10.1016/S0038-092X(94)90606-8
dx.doi.org/10.1016/S0038-092X(94)90606-8
dx.doi.org/10.1016/S0038-092X(94)90606-8
dx.doi.org/10.1016/S0038-092X(94)90606-8
dx.doi.org/10.1016/S0038-092X(94)90606-8
dx.doi.org/10.1016/S0038-092X(94)90606-8
https://www.iec.ch/search/?q=IEC 60904-1
https://www.iec.ch/search/?q=IEC 60904-1
https://www.iec.ch/search/?q=IEC 60904-1
https://www.iec.ch/search/?q=IEC 60904-1
https://www.iec.ch/search/?q=IEC 60904-1
https://www.iec.ch/search/?q=IEC 60904-1
https://www.iec.ch/search/?q=IEC 60904-1
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891


1 lectro

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[52] R. Gottschalg, T.R. Betts, D.G. Infield, M.J. Keamey, Experimental investigation
of spectral effects on amorphous silicon solar cells in outdoor operation,
60 T. Rodziewicz, M. Rajfur / Opto-E

36] G. Blaesser, Miyazaki, 13-15 Nov.Proc. 9th Intern. PV Science and Engineering
Conf.1996, Proc. 9th Intern. PV Science and Engineering Conf. (1996) http://
www.pvsc-proceedings.org.

37] G. Blaesser, PV array data translation procedure, in: Proc. 13th EC PVSEC, 1995
https://www.eupvsec-proceedings.com/.

38] S. Corrs, M.  Böhm, Validation and comparison of curve correction procedures
for  silicon solar cells, Proc 14th PVSEC (1997) 220–223 https://www.eupvsec-
proceedings.com/.

39] B. Marion, S. Rummel, A. Anderber, Current-voltage translation by bilinear
interpolation, Prog. Photovolt. Res. Appl. 12 (2004) 593–607, http://dx.doi.
org/10.1002/pip.551.

40] D.L. King, J.A. Kratochvil, W.E. Boyson, Temperature coefficients for PV
modules and arrays. Measurement methods, difficulties, and results, Proc.
26th IEEE PVSC (1997) http://www.pvsc-proceedings.org.

41] A. Virtuani, D. Pavanello, G. Friesen, Overview of temperature coefficients of
different thin film photovoltaic technologies, Proc. 25th EU PVSEC (2010)
4248–4252 https://www.eupvsec-proceedings.com/.

42] Y. Tsuno, Y. Hishikawa, K. Kurokawa, Temperature and irradiance dependence
of the I-V curves of various kinds of solar cells, Technical Digest of the PVSEC
15  (2005) 422–423 http://www.pvsc-proceedings.org.

43] E. Skoplaki, J.A. Palyvos, Operating temperature of photovoltaic modules: a
survey of pertinent correlation, Renew. Energy 34 (2009) 23–29 https://www.
sciencedirect.com/science/article/pii/S0960148108001353.

44]  T. Rodziewicz, M.  Rajfur, Numerical procedures and their practical application
in PV modules analyses. Part I: air mass, Opto-electron. Rev. 27 (2019) 39–57,
http://dx.doi.org/10.1016/j.opelre.2019.02.002.
45] IEC 61853-4 ED1. Photovoltaic (PV) module performance testing and energy
rating - Part 4: Standard reference climatic profiles,
http://www.iec.ch/dyn/www/f?p=103:23:0::::FSP ORG ID:1276,
http://www.iec.ch/dyn/www/f?p=103:38:6878505369315::::FSP ORG ID,
FSP  APEX PAGE,FSP PROJECT ID:1276,23,22384.
nics Review 27 (2019) 149–160

46] T. Zdanowicz, T. Rodziewicz, M.  Waclawek, Theoretical analysis of the
optimum energy band gap of semiconductors for fabrication of solar cells for
applications in higher latitudes location, Sol. Energy Mater. Sol. Cells 87
(2005) 757–769 https://www.sciencedirect.com/science/article/pii/
S0927024804003939.

47] Photovoltaic (PV) module performance testing and energy rating – Part 1:
Irradiance and temperature performance measurements and Power Rating,
61853-1 Draft H (WG2 working draft), https://www.iec.ch/search/
?q=[17]IEC%2060891.

48] Photovoltaic (PV) module performance testing and energy rating – Part 2:
Spectral response, incidence angle and module operating temperature
measurements, 61853-2 Draft E (WG2 working draft), https://www.iec.ch/
search/?q=[17]IEC%2060891.

49] Photovoltaic (PV) module performance testing and energy rating – Part 3:
Energy rating of PV modules, 61853-3 Draft C (WG2 working draft), https://
www.iec.ch/search/?q=[17]IEC%2060891.

50] G. Tamizh Mani, K. Paghasian, J. Kuitche, M.  Gupta, G.  Sivasubramanian,
Photovoltaic module power rating per IEC 61853-1 standard – a study under
natural sunlight, Solar ABCs Study Rep. (March) (2011) www.solarABCs.org.

51] R. Gottschalgl, J. del Cueto, T.R. Bettsl, S.R. Williams, D.G. Infield, Investigating
the seasonal performance of amorphous silicon single- and multi-junction
modules, Proceedings of 3rd World Conference on Photovoltaic Energy
Conversion 2 (2003) 2078–2081 https://dspace.lboro.ac.uk/dspace-jspui/
handle/2134/8220.
Conference Record of the Twenty-Ninth IEEE Photovoltaic Specialists
Conference (2002) 1138–1141 https://dspace.lboro.ac.uk/dspace-jspui/
handle/2134/8219.

http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
dx.doi.org/10.1002/pip.551
dx.doi.org/10.1002/pip.551
dx.doi.org/10.1002/pip.551
dx.doi.org/10.1002/pip.551
dx.doi.org/10.1002/pip.551
dx.doi.org/10.1002/pip.551
dx.doi.org/10.1002/pip.551
dx.doi.org/10.1002/pip.551
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
https://www.eupvsec-proceedings.com/
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
http://www.pvsc-proceedings.org
https://www.sciencedirect.com/science/article/pii/S0960148108001353
https://www.sciencedirect.com/science/article/pii/S0960148108001353
https://www.sciencedirect.com/science/article/pii/S0960148108001353
https://www.sciencedirect.com/science/article/pii/S0960148108001353
https://www.sciencedirect.com/science/article/pii/S0960148108001353
https://www.sciencedirect.com/science/article/pii/S0960148108001353
https://www.sciencedirect.com/science/article/pii/S0960148108001353
https://www.sciencedirect.com/science/article/pii/S0960148108001353
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
dx.doi.org/10.1016/j.opelre.2019.02.002
https://www.sciencedirect.com/science/article/pii/S0927024804003939
https://www.sciencedirect.com/science/article/pii/S0927024804003939
https://www.sciencedirect.com/science/article/pii/S0927024804003939
https://www.sciencedirect.com/science/article/pii/S0927024804003939
https://www.sciencedirect.com/science/article/pii/S0927024804003939
https://www.sciencedirect.com/science/article/pii/S0927024804003939
https://www.sciencedirect.com/science/article/pii/S0927024804003939
https://www.sciencedirect.com/science/article/pii/S0927024804003939
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
https://www.iec.ch/search/?q=[17]IEC 60891
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
http://refhub.elsevier.com/S1230-3402(19)30026-5/sbref0250
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8220
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219
https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/8219

	Numerical procedures and their practical application in PV modules’ analyses. Part II: Useful fractions and APE
	Introduction
	Analysis and modelling
	APE of the solar irradiance spectrum
	Content of UF in solar irradiance spectrum

	Methodology determination of APE and UF
	Limitations of the APE and UF determination procedure
	Objective of study
	Adjustment of the influence of temperature and solar irradiance intensity on study results
	Conclusions

	Results and discussion
	Influence of UF/APE parameters on PV module operation
	Analysis of instantaneous power values
	Analysis of daily energy values

	The use of USEFUL FRACTION factor to identify the absorber used in a PV module

	Conclusions
	Acknowledgement
	Appendix A Supplementary data
	References


