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Abstract

Keeping under control the performance of their photovoltaic plants is of utmost importance for
asset managers and O&M services, in order to ensure return on investment and early diagnosis
of malfunctioning components.

The performance of such plants is controlled through the measurement of their effective rated
output and solar radiation and through the ratio of these entities.

A 4% uncertainty in the performance of a 6MW power plant would be equivalent to a + 60.000€
uncertainty, i.e. the gross annual salary of an engineer.

It is therefore obvious that Power and Irradiance need to be measured accurately.

The effective rated output can be easily measured by the multimeters in the network interface
panels or directly by the inverter, while operators measure solar irradiance by means of photo-
voltaic pyranometers (or reference cell) or with thermopile pyranometers.

In the course of our activity as manufacturers of both sensor technologies, we have observed
that those who had the opportunity to employ both devices (an occurrence more common than
expected), use photovoltaic pyranometers (or reference cells) placed on the modules plane with
the aim to calculate the Performance Ratio and operate with thermopile pyranometers (global
radiation on horizontal plane) in order to check the correct functioning of the photovoltaic pyra-
nometers. This evidence has a clear scientific and technological explanation.
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Introduction

This document focuses on solar irradiance
measurements through physical considera-
tions and through the comparison of possible
measuring instruments.

Definitions

Some Definitions are listed below, for clarity. .
Relevant Legislation sources can be found in

the References and Further Reading section at

the end of this document.

e PV :abbreviation of Photovoltaic.

e POWER LABELED of a PHOTOVOLTAIC
MODULE (Wp. [W] ): power of a photo-
voltaic module determined by the manufac-
turer through the ’flash-test” according to
the IEC61215 standard which to determine .

Power, I, V necessarily requires the use of
a defined light source and a calibrated pho-
tovoltaic cell (or a photodiode with spectral
sensitivity appropriate to that of a photo-
voltaic cell).

POWER OF A PHOTOVOLTAIC SYSTEM:
it is given by the sum of the rated powers of
the individual modules that make up the PV
system.

PERFORMANCE OF PHOTOVOLTAIC
SYSTEMS (P. R.) : is the efficiency of the
Photovoltaic System measured through the
ratio of real output Power of a Photovoltaic
System (W) and Solar Irradiance (W/m2)
on Plane Of Array (POA). The EN 61724-
1 standard prefers to calculate this ratio as
the ratio between the energy produced by
the system (kWh) and the irradiation on the
module plane (kWh / m2).

IRRADIANCE : is the radiant flux (power)



received in a given instant in a given area
[W/m2].

IRRADIATION : (insolation) is the integral
of radiant flux over the time (energy) in a
given area [Wh/m2].

SPECTRAL RESPONSIVITY : of an irradi-
ance sensor, is the relative efficiency of de-
tection of light, as a function of the fre-
quency or wavelength of the signal. Often it
is described as a characteristic curve of sen-
sitivity.

ACCURACY: closeness of agreement be-
tween a measured quantity value and a true
quantity value of a measurand (V.I.M.) Note
that this term does not refer to a numerical
quantity; it is a qualitative term.

PRECISION : (measurement precision)
closeness of agreement between indications
or measured quantity values obtained by
replicate measurements on the same or
similar objects under specified conditions
(VIM.) Note : Measurement precision is
expressed numerically by measures of im-
precision, such as standard deviation.

UNCERTAINTY : non-negative parameter
characterizing the dispersion of the quan-
tity values being attributed to a measurand,
based on the information used (V.I.M.).

PHOTOVOLTAIC PYRANOMETER : radi-
ation sensor for solar irradiance measure-
ment through a photovoltaic cell using the
photovoltaic principle.

THERMOPILE PYRANOMETER : radiation
sensor for solar irradiance measurement
through a thermopile, measures using the
Seebeck principle.

PYRANOMETER CLASSIFICATION: Class
A (Secondary Standard); CL.B (First Class);
CL.C (Second Class) according to ISO9060.
In brackets the old classitication.

RADIOMETER :A radiometer is a device for
measuring the radiant flux (power) of elec-
tromagnetic radiation.

Pyranomete are a kind of radiometer for
measuring the sun radiation.

Field Sensors

Thermopile pyranometers and reference
cells (the latter are also called photovoltaic
pyranometers or irradiance sensor) are used
for the measurement of solar irradiance. Ther-
mopile pyranometers detect the 300-3000 nm
portion of the light spectrum, while the photo-
voltaic pyranometers detect the 350-1150 nm
portion, i.e. the range used in PV technology.
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Fig.1a: (Top) Spectral irradiance and spectral
response, in grey a typical solar spectrum (A.M.1.5;
T=25"C); in yellow a typical spectral response of a
photovoltaic pyranometer.
Fig.1b: (Bottom) : in grey a typical solar spectrum
(A.M.1.5; T=25"C); in yellow a typical spectral
response of a good thermopile pyranometer.
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Class C (ISO9060:2018) thermopile pyra-
nometers are not included. They are too im-
precise (+ 6%) in the event of sudden temper-
ature changes which occur in many environ-
ments.

Characteristics and Rules
governing the two types of
pyranometers

Historically, commercial ~ photovoltaic
pyranometers were affected by two flaws
that resulted in lack of precision: measure-
ments were affected by temperature and by
the number of months the cell was exposed
to the sun. Additionally, the rules regulating
manufacture, referability and calibration of a
photovoltaic pyranometer (or reference cell)
appeared only in 2008 along with the Interna-
tional Standard IEC60904.

The drive to determine the voltage of PV
modules with higher accuracy started in the
mid-1990s when research institutions started
to carry out investigations on the photovoltaic
technology. The aim was to produce primary
sensors and identify a metrological baseline
by performing comparative calibration trials
(round robin test).These trials led to the in-
troduction of the World PhotoVoltaic Scale
(WPVS) and in 2005 achieved around 0.6%
uncertainty [Mullejans & Zaaiman, 2019].
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Fig.2: Evolution of WPVS UC (uncertainty) with time
for the best possible primary methods (Mullejjans &
Zaaiman, 2019) represented by the black dotted line.

We can therefore say that, before IEC60904

standards, the photovoltaic pyranometers on
the market were generally rather inaccurate.
Notable exceptions were the Fraunhofer In-
stitute, the Ispra JRC and some conscientious
manufacturers. We also need to keep in mind
that the implementation of reference cells
dates back to the late 1990s, with the entry
of photovoltaic plants in the global market.
In  comparison, the technology of
thermopile pyranometers is a century old,
with installations all over the world from the
equator to the poles.
Moreover, irradiance historical data derive
generally from meteorological centers, which
base their measurement on thermopile pyra-
nometers. Consequently, in order to be consis-
tent with irradiance historical data, some ad-
visors install thermopile pyranometers when
planning big photovoltaic plants.

Metrological Referability and
Instrumental Accuracy

Pyranometers standards

Calibration of the two types of pyranome-
ters is carried out according to two different
metrological standards:

1. Manufacture and  calibration of
photovoltaic pyranometers (reference
cells) are governed by IEC60904 stan-

dards.
In particular:

¢ IEC60904-4 standard regulates the
procedures for establishing the
traceability of reference-cells cali-
bration, for the use of Calibration
Institutes. The standard relates to
WPVS, yet amplifying its content.

¢ IEC60904-2 standard sets up the
requirements for the manufacture
and calibration procedures of com-
mercial photovoltaic pyranome-
ters.




e IEC60904-3 standard lays down
measurement principles for pho-
tovoltaic devices and determines
the reference solar spectrum (stan-

cludes also different types of so-
lar sensors and reclassifies pyra-
nometers based on precision and
response velocity.

dard). ¢ 1S0O9847:1993 standard sets up in-
2. Manufacture and calibration of door and outdoor calibration op-
thermopile pyranometers follow the erations for commercial pyranome-
directives of ISO9060, 1S09846 and ters.
ISO9847 standards.

In particular: Obviously, the. newest rulgs could not ig-

nore the previous regulations relating to

* IS09060:1990 standard estab- thermopile pyranometers; figure 3 shows

lished specifications and classifica- IEC60904-4 standard, illustrating it up to level

tions of thermopile pyranometers 4° in the metrological scale (metrological in-

for the measurement of solar radia- stitutes use up to level 3 of the metrological

tion in the measurement spectrum traceability chain). The correlation between

range 0.3-3 pm the two different referability chains for the

e In 2018, it has been replaced by two different pyranometers is interesting and
I1S09060:2018 standard, which in- clearly shown in the diagram.
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Fig.3: Schematic of most common reference instruments and transfer methods used in the traceability chains for solar
irradiance detectors. Abbreviations: WSG: World Standard Group consisting in a group of cavity radiometers. IPC:
International Pyrheliometer Comparison. ISO 9059: Calibration procedure and hierarchy on Field Pyrheliometers
using Reference Pyrheliometers. NIP: Normal Incidence Pyrheliometer (refer to ISO9059). ISO 9846: Calibration of
Secondary Standard Pyranometers used as reference in comparisons. For Test Institutions or Laboratories.



Photovoltaic Installations Standards

IEC61724-1:2017 standard is of particular
interest to managers of big photovoltaic in-
stallations. It outlines equipment, meth-
ods, metrology and definitions for perfor-
mance monitoring and analysis of photo-
voltaic plants (PV).It also recognizes that
photovoltaic pyranometers are more suit-
able for measuring irradiance on PV mod-
ules on an inclined plane (POA), while
thermopile pyranometers are more appropri-
ate for measuring irradiance on a horizontal
plane (GHI) (compare with § 7.2.1 IEC61724-
1:2017). An updated version of this Stan-
dard has been available since October 2021:
IEC61724-1:2021 includes some new details
and will be included in a future publication.
The calculation of 'Performance Ratio” (P.R.)
is easier and more accurate when using irradi-
ance values on POA, irrespective of other fac-
tors which will be analysed in the following
sections.

In the following sections is showed an ana-
lytical and comparative review of the two sen-
sors technologies.

Temperature effects on
irradiance measurements

Irradiance measurement is affected by the
sensor temperature in both types of pyra-
nometers. In the two technologies, such influ-
ence is expressed in two quite different man-
ners.

In photovoltaic pyranometers, the influ-
ence of temperature is evident over the whole
operation range of the sensor. For cell tem-
peratures ranging around 85°C it increases the
irradiance value by up to 7% of the effective
value (Fig. 4 and 5).

In thermopile pyranometers the influence
only appears at extreme ambient tempera-
tures (Fig. 6).

Figure 4 shows that photovoltaic pyra-
nometers are influenced by temperature over
the whole operation range. Since their tech-
nology does not provide for sun shields the
cell can reach temperatures of 80°C and more
in the Mediterranean areas. The influence of
temperature in photovoltaic pyranometers is
described by the Y = ¢*X upward trend line
over the whole range of possible tempera-
tures of the sensor body, that is from -30° to
+ 80°. The graph in the figure has been ex-
perimentally obtained by withdrawing a PV
cell (solarimeter) from a freezer and exposing
it to the light of a continuous solar simula-
tor. The warming caused by the release of a
luminous flux of about 895W/m2 was subse-
quently recorded. The initial temperature was
-12°C, gradually raised to 70°C. Oscillations
may occur, due to the relative instability of the
luminous flux.
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Fig.4 Temperature dependency of the sen-
sitivity for a photovoltaic pyranometer
(blue line). The thin red line shows the best
tit linear regression function.

Figure 5 shows also the red line obtained
by applying the correction coefficient derived
using the linear regression function. The cor-
rection coefficient will remove the slope of the
blue line and therefore the effects of temper-
ature in the measurement. A similar correc-
tion coefficient is applied to irradiance values
in irradiance sensor provided with tempera-
ture correction function.
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Fig.5 Temperature dependency of the sen-
sitivity for a photovoltaic pyranometer
(thick blue line) and its correction with a
C coefficient (thick red line).

For many years now, the most qualified man-
ufacturers of photovoltaic pyranometer pro-
duce reference cells using an electronic tech-
nology able to compensate for the effect
caused by temperature on irradiance mea-
surements. The result is that, in the range
0-1300 W/m?2, irradiance measurements are
completely free of the influence due to the
heating of photovoltaic cells. Not all photo-
voltaic pyranometers are provided with this
function; the data-sheet indicates if the irradi-
ance value is temperature-compensated.

Figure 6 shows that thermopile pyranome-
ters are subject to a minimal influence due to
temperature; their precision is undermined by
temperatures typicall occur only at latitudes
of less than 40°. Some manufacturers can now
correct even this minimal influence with the
introduction of digital cards applying a ‘com-
pensation” function [Mariottini et al., 2019].
A correction factor (compensation) is used by
applying a polynominal of 2 degree of the
type: E =U/(Sp-(a’T>+ b-T +c)).

However, such a correction is difficult to ap-
ply in many monitoring systems. This limita-
tion has recently been solved by some man-
ufacturers with the production of digital out-
put pyranometers (on R5485 Modbus), by en-
tering this formula in the microchip code of
digital thermopile pyranometers.
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Fig.6 Temperature dependency of the
sensitivity for a thermopile pyranome-
ter, derived from Kipp&Zonen Secondary
Standard (Class A) pyranometers manu-
als.Class B behave in the same way.

Ageing effect (instrumental
drift over time) on irradiance
measurements

For photovoltaic pyranometers the drift is
significant: after a year of operation a photo-
voltaic pyranometer measurement decreases
by 6 to 8%. This phenomenon is being stud-
ied extensively by companies which produce
cells and PV modules and is known as Light
Induced Degradation (LID). The relevant bib-
liography indicates that current photovoltaic
modules are subject to a degradation rang-
ing from 0.6% to 1% per year depending on
the geographical location of the installation
(Soo Min Kim et al., 2019 and Dunn et al.,
2013). For several years now, the most qual-
ified manufacturers of Reference Cells have
also learnt to correct the effects of the per-
formance degradation of photovoltaic cells,
thanks to preconditioning applied at the ori-
gin. The correction attenuates, but does not
eliminate, this effect.
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Fig.7 Light-Induced Degradation of solar cells
(modified from Sopori et al., 2012)

However, the Fraunhofer Institute has a
method for stabilizing the cell which keeps
the performance degradation to a maximum
of 0.4% per year, and typically within 0.2%
per year. Our company succeeds, along with
the most specialized manufacturers, in keep-
ing the performance degradation within 0.7%
per year.

All manufacturers of both photovoltaic and
thermopile pyranometers recommend to cali-
brate them every two years, in order to main-
tain the compliance of measurement accuracy
with the accuracies indicated in the certifica-
tion or in the instruction manual.

In practice, calibration every two years and
in some cases every year is a mandatory re-
quirement in the contracts between investor
and O&M of PV plants.

Thermopile pyranometers are rarely affected
by a significant instrumental drift over time.
Personal experience on a number of calibra-
tions has shown that instrumental drifts is
lower than 2% even after some years of sun-
light exposure. These instrumental drifts may
be higher or lower compared to the areald
value. Our calibrations campaigns show that
when a good thermopile pyranometer has in-
strumental drifts 3.7% higher than its original
sensitivity, it might be approaching the end of
its operational life.

The two other factors which determine the
measurement accuracy of the performance ra-
tio are the Spectral Response and the Ab-
sorbing Surface.

Spectral Response

We have already mentioned this fundamental
feature of radiometric sensors (Fig.1).

The typical Spectral Response of a photo-

voltaic pyranometers one of the most con-
vincing aspects promoting their use to im-
prove the P.R. calculation accuracy.
On the other hand, two well-known manufac-
turers of thermopile pyranometers use this
response in their favour. These devices show
a wide and flat spectral response (300-3000
nm range), making them suitable to calcu-
late the performance ratio (P.R.) of a PV plant
in a precise manner. We argue against this
statement and support the opposite. Figures
8, 9 and 10 show the spectral response of a
thermopile pyranometer, a photovoltaic pyra-
nometer for PV plants with crystalline silicon
modules and a photovoltaic pyranometer for
PV plants with amorphous silicon modules.

Spectral irradionce and spectral response

—

Thermopile P‘ymnor‘h

L6 { “NN“‘;\‘V
)
{ i
{ s \
f i
¥
i
i
i

§ll |
f
|

3
W
| |
|
i 1\
|
(S
1 i
10
b

[
[
!
i
|

If
| £

%
g B A
047 1 i § v\'\
1 b
| i B
02 1 |f . -
I s ¥ ] XX
I : W T e

- T T T T T T T T T T
400 700 900 1200 1500 1800 2100 2400 2700 3000
uv [visLe| IR

Spectral irroadionce W/m2 /nm)

Wavelenght (nm)

Figure 8 Solar spectrum and spectral re-
sponse of a thermopile pyranometer




Spectral irradiance ond spectral response

14 4 Crystalline Silicon

ectral irradionce w/me /nm
o o = = .
& ®» ©o
, .

Sp
o
<

‘

o
S

I Am

; i ‘ ‘
400 700 900 1200 1500 1800 2100 2400 2700 3000
UV |VISIBLLE| IR

Wavelenght (nm)

Figure 9 Solar spectrum and spectral re-
sponse of a photovoltaic pyranometer for
plants with crystalline silicon modules
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Figure 10 Solar spectrum and spectral re-
sponse of a photovoltaic pyranometer for
plants with amorphous silicon modules

Figure 8 shows how thermopile pyranometers
capture a wide region of the solar spectrum.
The PR. calculation has irradiance as denom-
inator and the generated power as numerator
(Definitions section): we therefore claim that
the PR. of a PV plant is underestimated when
using these devices.

Similarly, if we install a photovoltaic pyra-
nometer based on a monocrystalline cell on a
plant with amorphous silicon modules (Fig.
9), we would underestimate the P.R. of that
plant. This inaccuracy cannot be solved sim-
ply by applying a fixed reduction coefficient,
as the solar spectrum varies throughout the
day and especially the season. Figures 11 and

10

12 show the variations of the solar spectrum
in response to variations in air mass.
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Figure 11: Direct normal irradiance spectra calculated
with SMARTS 2.9.5 for increasing air mass (0 to 10),
(Wikipedia).
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The graphs in Figure 11 and 12 demonstrate
the solar spectrum variations with altitude,
latitude and, to a lesser extent, during the day.
As the day turns to afternoon the attenuation
of the spectrum varies, and its composition
shows LR. component increasing (750-2200
nm range) with respect to the rest of the spec-
trum. (300-700 nm range). In other words,
the ratio of the different spectral components
is changing with the attenuation of the solar
spectrum.

The greater I.R. component on the whole radi-
ated spectrum is entirely recorded by a ther-



mopile pyranometer, while a PV pyranome-
ter records only the portion of infrared (up to
approximately 1100 nm), which can be con-
verted by a PV cell into energy.

The outcome is that the P.R. calculation based
on the data of a thermopile pyranometer
would actually result in lower values than
the Performance Ratio calculated by a photo-
voltaic pyranometer.

Which of the two is right? According to a me-
teorologist, it will be the P.R. calculated by a
thermopile pyranometer, while for a PV oper-
ator, it will be the PR. calculated by a photo-
voltaic pyranometer.

An investor will not mind if at a given time
the solar spectrum exceeds the limits of pho-
tovoltaic conversion, since this is irrelevant to
the variation of the power produced. Con-
versely, he will be interested in those power
variations within the limits of photovoltaic
conversion, to be able to thoroughly compare
it with the output power of his PV plant and
to detect any installation malfunction.

High-selective spectral sensitivity radiome-
ters are used to detect UV (210-350 nm range),
and equally selective-sensitivity radiometers
are used to detect IR (750-3000 nm range) in
the spectrum band above 750 nm.

Therefore, with regard to spectrum,
photovoltaic-cell sensors should be chosen to
achieve a better accuracy in calculating P.R.;
this is a prerequisite to understand if the plant
is outperforming or underperforming.
Similarly, the same criteria (selective spec-
tral response) used to choose the appropri-
ate radiometer for UV, P.A.R. (Photosyntetical
Active Radiation) or IR detection, should be
employed to detect that portion of solar spec-
trum available for crystalline-silicon cells in
PV modules.
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Absorbing Surface

Thermopile pyranometers were created as in-
struments capable of receiving solar radia-
tion incident on a horizontal surface (GHI)
throughout the day. The dome-shaped ab-
sorption surface allows to better capture the
solar energy flux in all the different positions
along the sun ’s trajectory throughout the day
and the seasons. Photovoltaic modules con-
sist instead of a flat absorbing surface and of
a special glass which allows to produce 5%
more energy than if it was equipped with a
normal high-transparency glass.

The collaboration of module manufacturers
and companies specialized in glass manufac-
ture has led to the creation of a particular anti-
reflective glass now called photovoltaic glass.
Thanks to its properties PV modules succeed
in collecting more photons and produce 3-5%
more energy when the sun is far from the per-
pendicular of the PV module surface (morn-
ing or afternoon). However, this surface ca-
pable of catching a larger number of photons
does not meet the characteristics of the hemi-
spherical surfaces of thermopile pyranome-
ters, neither would be thinkable to build huge
domes around each module.

Our future publications will show the ef-
fects of these differences through detailed ir-
radiance graphs of the different sensors with
various absorbing surfaces.

Measurement Uncertainty in
the two types of
pyranometers

The above mentioned characteristics and con-
siderations may be expressed in uncertainty
parameters, which indicate the accuracy of the
measurement aimed at calculating the perfor-
mances of a PV plant.



We refer to three publications which investi-
gate the “"Measurement Uncertainty” topic in
an analytical manner: Zaaiman & Guastella,
2010, Mariottini et al., 2019 and Dunn et al.,
2012.

The Uncertainty of photovoltaic pyra-
nometers is quantified with respect to the
portion of spectrum they are able to mea-
sure, i.e. the 350-1150 nm range. [Dunn et
al., 2012]. For this type of radiometers, Dunn
et al. (2012) calculate a 0.65% uncertainty
(expanded uncertainty, k=2). This value ap-
pears to be overoptimistic: few Institutes in
the world have a Primary Reference Cell with
0.5% uncertainty of measurement. If we add
to this the measurement uncertainties of sen-
sor manufacturing companies, 2% uncertain-
ties are easily reached.

The Uncertainty of thermopile pyranome-

ters is quantified with respect to the total so-
lar radiation incidence measurement in the
300-3000 nm range [Dunn & Gostein, 2012].
Studies preceding the publication of Mariot-
tini et al. (2019) have estimated the uncer-
tainty of this type of pyranometers applied
to a PV to range from 3% to 12% [Mariottini
et al., 2019 and references therein]. Mariot-
tini et al. (2019) reach uncertainties of 5% on
a daily basis (and of 8% on an hourly basis),
through the monitoring of several parameters
among which manufacturer, calibration pro-
cedure and environmental conditions are the
main ones.

Table 1 illustrates the factors to be consid-
ered for future evaluation of the uncertainty
calculation of the two types irradiance sen-
sors (summarised from Zaaiman & Guastella
[2010] and Dunn et al., [2012]).

Thermopile factors affecting uncertainty
Factor Uncert. Ref Uncert. Ref
Spectral mismatch | 3,0 % | [Dunn-Gostein]
ref. PV
Thermal offset 2,0% | [Dunn-Gostein]
Nonlinearity 0,5% | [Dunn-Gostein] | +0,5% (sec. Std.) | [Zaaiman-Guastella]
+1,0% (1° class)
Temp. response 1,0% | [Dunn-Gostein] 2% (sec. Std.) [Zaaiman-Guastella]
4% (1° class)
Yearly degradat. +0,8% (sec. Std.) | [Zaaiman-Guastella]
+1,5% (1° class)
Spectral response 5% (1° class) [Zaaiman-Guastella]
Angle depend. 2,0% (1° class) | [Zaaiman-Guastella]
Total 5,24% | [Dunn-Gostein] 3% + 5% [Zaaiman-Guastella]
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Ref. Cells factors affecting uncertainty
Factor Uncert. Ref Uncert. Ref
Measurements electronics | 3,0 % | [Dunn-Gostein]
Deviation of 2% of 0,1% | [Dunn-Gostein]
Voc from V =0 0.1%
Nonlinearity 0,3% | [Dunn-Gostein] 0% [Zaaiman-Guastella]
Temp. response
Yearly degradat. <1% [Zaaiman-Guastella]
Spectral response >5% [Zaaiman-Guastella]
Angle depend. 0,5% | [Dunn-Gostein]
Total 0,63% | [Dunn-Gostein] | 3% = 8% | [Zaaiman-Guastella]

Table 1. Factors affecting uncertainty for Thermopile and Photovoltaic pyranometers

The table seek to translate in numbers the uncertainty factors and show a lower level of uncer-
tainty in photovoltaic pyranometers, when they are used for the performance monitoring of PV

power plants.

Conclusions

PV Generataor Output Power vs. Irradiance
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measured by means of a calibrated solar cell,
or with a photodiode having the same spectral
response as a photovoltaic cell (IEC61215).
The power of the whole photovoltaic instal-
lation is calculated as the sum of the power
value of each module. In order to achieve
a precise value of the PR and to avoid dis-
appointment, irradiance should be measured
with the same technology, since Radiation
varies during the day.

This had already been noticed by Haeberlin et
al. [1995]: their 'PV generator output Power
vs. Irradiance” graphs show a higher disper-
sion in the correlation line, when on the y-
axis there is a thermopile pyranometer (bot-
tom graph), particularly in the winter periods
(Fig. 13)
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Figure 13. Photovoltaic generator output power vs Ir-
radiance.

On the other hand, in our experience in
the calibration of thermopile and photovoltaic
pyranometers that had been in use for several
years, we noticed a very high time-stability
in favour of thermopile pyranometers. This
is an important factor in cases where there
are no O&M contracts prescribing a biannual
calibration. It should be noted that manufac-
turers are working to achieve a similar instru-
mental drift for photovoltaic pyranometers as
well. At any rate, we are dealing with a re-
cent and evolving technology. Big PV instal-
lations are seeking an ever higher accuracy
and efficiency of PV cells. To this end, new
technologies such as PERC, Half Cutted and
Double-sided cells are being used. Selectiv-
ity becomes an important factor in determin-
ing more accurately the quantity of solar flux
useful for PV plants. Additionally, the mea-
surement of integrated irradiance values over
time, compared with the energy produced in
the same time period, increases the measure-
ment accuracy.

Institutions such as the Fraunhofer Institute
are currently carrying out survey campaigns
for comparison measurements with various
technologies of pyranometers, as well as with
photovoltaic modules (PERC cells, double-
sided cells, etc..).

Some manufacturers are working towards
measuring the solar flux energy as well (ir-
radiance over time); this will lead to an im-
provement of the performance calculation of

14

photovoltaic plants, since comparisons could

be done with the energies received and pro-
duced.

Our future publications will analyse, for ex-
ample, the new Photovoltaic Installation Stan-
dard 2021 and irradiance graphs of the differ-
ent sensors with various absorbing surfaces
(Pyranometers Standards and Absorbing Sur-
face Sections).

We are committed to supplement this dis-
cussion with further in-depth studies and
quantitative comparison research.

Acknowledgements

We thank Dr Roberta Masotti for her contribution
in translating and editing the text.



References and Further
Reading

Ascencio-Vasquez, J., Kaaya, I, Brecl, K,
Weiss K.-A. And Topic. M. — Global Climate
Data Processing and Mapping of Degradation
Mechanisms and Degradation Rates of PV Mod-
ules. (2019)

Blakesley, ]J.C.Huld, T. MA(Ellejans, H.,
Gracia-Amillo, A., Friesen, G., Betts, T.R. and
Hermann, W. — Accuracy, cost and sensitivity
analysis of PV energy rating. (2020)

Driesse, A., Dirnberger, D., Reise, C., and Re-
ich. N., — Spectrally Selective Sensors for PV Sys-
tem Performance Monitoring. (2012)

Driesse, A., Zaaiman, W., Riley, D., Taylor, N.
and Stein. J.S. — Indoor and outdoor evaluation of
global irradiance sensors. (2015)

Dunn L. and Gostein, M.. —Spectral Effects in
Performance Ratio Measurement: Comparing PV
Reference Devices and Pyranometers. (2012)

Dunn, L.,Gostein M., and Emery. K., — Com-
parison of Pyranometers vs. PV Reference Cells
for Evaluation of PV Array Performance. (2012)

Dunn, L., Gostein, M. and Stueve, B. — Litera-
ture Review of the Effects of UV. Exposure on PV
Modules. (2013)

Elsayed Ghitas. A., — Studying the ef- fect of
spectral variations intensity of the incident solar
radiation on the Si solar cells performance. (2012)

ERRAISSI, N., AARICH, N., AKHSASSI, M.,
RAOUFI M. and BENNOUNA. A. — An inex-
pensive and accurate solar irradiance sensor based
in a small calibrated PV module. (2017)

Fontenla, J. and Harder, G. — Physical modeling
of spectral irradiance variations. (2005)

Gebregiorgis, A.W., and Betts. T.R., — Degra-
dation of Power Output of Photovoltaic Modules
Due to Accelerated Ageing. (2019)

Gostein, M., Stueve, B., Clark, R., Keelin, P,
Grammatico, Reusser. M. — Field trial of meteo-
rological station using PV reference cells. (2020)

15

Habte, A., Sengupta, M., Andreas, A., Reda,
I., Robinson. J. — The impact of indoor and
outdoor radiometer calibration on solar measure-
ments. (2016)

Habte, A., Sengupta, M., Andreas, A., Wilcox
S. and T. Stoffel. T. —Evaluating solar re-
source data obtained from multiple radiometers de-
ployed at the national renewable energy laboratory.

(2014)

Haeberlin, H., Beutler, Ch.Blaesser G.and
Jantsch. M. —Comparison of pyranometer and SI-
reference cell solar irradiation data in long term
PV plant monitoring. (1995)

Hukseflux. — Pyranometers versus PV reference
cells in outdoor PV system performance monitor-
ing. (2013)

IEC. — LIGHT AND ELEVATED TEMPERA-
TURE INDUCED DEGRADATION (LETID)
TEST FOR c¢-Si PHOTOVOLTAIC (PV) MOD-
ULES: DETECTION. (2020)

Fligge, M., Solanki, S.K., Unruh, Y., Frohlich,
C. and Wehrli. Ch. — Modelling Spectral Irradi-
ance Variations obtained by Virgo. (1998)

Friesen, G., Herrmann, W., Belluardo, G. and
Herteleer. B. — Photovoltaic Module Energy
Yield Measurements: Existing Approaches and
Best Practice.(2018)

Guechi, A., Chegaar, M and Aillerie, M. — Air
mass effect on the performance of organic solar
cells. (2013)

Karki, S., Ziar, H., Korevaar, M., Bergmans, T.,
Mes, J. and Isabella. O. — Performance Evalua-
tion of cost effective Irradiance sensors versus ther-
mopile pyranometer. (2020)

Kim, SM,, Jung, S., Kim Y. and Kim, J.. -
Article Anti-LID Process with a Remote Direct
Heating Method Using a Half-Bridge Resonance
Circuit for a PERC Solar Cell Module. (2019)

Kroger, 1., Hohl-Ebinger, J., Brachmann,
S. and Winter, S. — INVESTIGATION OF
UV- INDUCED DEGRADATION OF DIFFER-
ENT TYPES OF WPVS REFERENCE SOLAR
CELLS.(2016)



Ké&Z. — Pyranometers v. Reference Cells for PV
Installations.

Leng Yeo., K —Analysis and modeling of solar ir-
radiance variations. (2015)

Lin, CM., Glaeser, M., Malguth, E., Ure-
dat, S., Bernhard, N., Lausch. D. - AC-
CELERATED LIGHT-INDUCED DEGRADA-
TION TEST FOR INDUSTRIAL APPLICA-
TION. (2017)

Lysko, M.D., Feister, U., Griffith, D., Gross, S.,
Vhengani, L., Ramkilowan A. and Mahlobo.
D. — Spectrometer and Radiative Transfer Model
Comparison using High Sun In-Situ Observations
in Pretoria. (2013)

Manara, V., Brunetti, M., Celozzi, A., Maugeri,
M., Sanchez-Lorenzo ,A.and Wild, M. -
Detection of dimming/brightening in Italy from
homogenized all-sky and clear- sky surface solar
radiation records and underlying causes (1959-
2013). (2016)

Mariottini, F.,, Betts, T.R., Zhu, ], and
Gottschalg R., (CREST), Wolfson School
Loughborough, University of Loughborough,
UK. — Evaluation of Uncertainty Sources and
Propagation from Irradiance Sensors to PV En-
ergy Production. (2019)

Mariottini, F., Belluardo, G., Bliss, M., Ish-
erwood, PJ.M., Cole, LR., and Betts. TR,
— ASSESSMENT AND IMPROVEMENT OF
THERMOELECTRIC PYRANOMETER MEA-
SUREMENTS . (2018)

Mitterhofer, S.,Jankovec, M., and Topic. M., —
USING UV LEDS FOR PV MODULE AGING
AND DEGRADATION STUDY. (2018)

Miillejans, H.,Zaaiman W. and Dunlop. E.D.,
— From sunlight to power: The History of achiev-
ing a globally harmonised approach to PV mea-
surement. (2019)

MUELLEJANS H., ZAAIMAN W, GAL-
LEANO R., PAVANELLO D., SALIS E., SAM-
PLE T.,, BARDIZZA G., LOPEZ GARCIA ],
KENNY R., SHAW D., FIELD M. and DUN-
LOP E. — State-of-the-art for assessment of solar
energy technologies. (2018)

16

Osterwald, C.R., Anevsky, S., Barua, AK,
Chaudhuri, P, Dubard, J.,, Emery, K, B.
Hansen, B., King, D., Metzdorf, ., Nagamine,
F., Shimokawa, R., Wang, Y.X., Wittchen, T,
Zaaiman, W., Zastrow, A., and Zhang. J., -
The World Photovoltaic Scale: An International
Reference Cell Calibration Program. (1997)

Pitari, G. , Curci G. and Di Sabatino, A. — .
(2018)

Photon — L’ importanza di un sistema per mon-
itorare la radiazione solare che investe un campo
fotovoltaico. (2011)

Richter, M., Tjengdrawira, C., Vedde, ],
Green, M., Frearson, L. and Herteleer, B.
—Technical Assumptions Used in PV Financial
Models Review of Current Practices and Recom-
mendations. (2017)

Rivera, M. and Reise. C., — Silicon sensors vs
pyranometers a Review of deviations and conver-
sion of measured values. (2020)

van Sark, W.G.JHM., Meijerink A. and
Schropp. R.E.L. =Solar Spectrum Conversion for
Photovoltaics Using Nanoparticles.. (2012)

Stein ].S. PhD. — PV Performan-ce Modeling
Methods and Practices Results from the 4th
PV Performance Modeling Collaborative Work-
shop.(2017)

Sustainable Technologies Evaluation Program
(STEP). — Field Comparison of a Photovoltaic Ref-
erence Sensor and a Pyranometer. (2017)

Sopori, B., Basnyat, P., Devayajanam, S., Shet,
S., Mehta, V., Binns J. and Appel J. — Under-
standing Light-Induced Degradation of c-Si Solar
Cells. (2012)

Unruh, Y.C., Krivova, N.A., Solanki, SK,,
Harder, ].W. and Kopp G. — Spectral irradiance
variations: comparison between observations and
the SATIRE model on solar rotation time scales.

(2008)

Vignola, E, Peterson, J., Kessler, R., Mavro-
matakis, F., Dooraghi M. and Sengupta. M.
—Use of Pyranometer to Esti- mate PV Module
degradation rates in the field. (2016)



Wikipedia. — Simple Model of the Atmospheric
Radiative Transfer of Sunshine.

Wilbert, S., Jessen, W., Gueymard, C., Polo,
J., Bian, Z., Driesse, A., Habte, A., Marzo, A.,
Armstrong, P., Vignola F. and RamArez, L. —
Proposal and Evaluation of Subordinate Standard
Solar Irradiance Spectra. (2018)

17

Woyte, A., Richter, M., Moser, D., Reich, N.,
Green, M., Mau, S., Beyer. H.G., — Analytical
Monitoring of Grid-connected Photovoltaic Sys-
tems. (2014)

Zaaiman, W., Guastella. S. — U La misura
della radiazione solare per la valutazione delle
prestazioni di impianti FV. (2010)



	Introduction
	Definitions
	Field Sensors
	Characteristics and Rules governing the two types of pyranometers
	Metrological Referability and Instrumental Accuracy
	Temperature effects on irradiance measurements
	Ageing effect (instrumental drift over time) on irradiance measurements
	Spectral Response
	Absorbing Surface
	Measurement Uncertainty in the two types of pyranometers
	Conclusions
	Acknowledgements
	References and Further Reading

