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Comprehensive characterisation and analysis of PV
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ABSTRACT

The specifications of photovoltaic modules show performance under standard testing conditions (STC), but only limited
information relating to performance at non-STC conditions. While performance is affected by irradiance, temperature,
spectral composition of irradiance, angle-of-incidence of the irradiance and other parameters, specifications only partly
give detail to consumers or retailers about the effect of irradiance and temperature.

In this study, we characterise and analyse the performance of eight different, commercially available photovoltaic modules.
We establish the effect of four different parameters on module performance: irradiance, temperature, spectral composition
of irradiance (via the parameter average photon energy) and angle-of-incidence, by performing linear and nonlinear opti-
misation of physical or empirical models. Furthermore, we characterise the operating conditions and analyse the seasonal
and annual development and contribution of the four parameters to energy losses or gains relative to STC operating con-
ditions. We show a comprehensive way of presenting the deviation of performance from STC, combining the variation in
operating conditions and the resulting variation in performance.

Our results show that some effects on performance are attributable to the semiconductor material used in the modules
(spectral composition and temperature), while especially angle-of-incidence effects seem more related to the type of glass
used on as the front cover of the module. Variation in irradiance and module temperature generally affect performance the
strongest, resulting in a performance effect ranging from +2.8% to —3.2% and —0.5% to —2.2%, respectively. The combined
effect of all parameters results in an annual yield deviation ranging from +1.2% to —-5.9%. © 2016 The Authors. Progress
in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd.
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1. INTRODUCTION

The current market for photovoltaic (PV) modules is quite
homogeneous, with 90% of the market consisting of con-
ventional, diffused junction monocrystalline and polycrys-
talline silicon modules [1]. More advanced types of PV

film amorphous silicon (a-Si), cadmium telluride (CdTe),
copper indium gallium selenide (CIGS) and copper indium
selenide (CIS) and on the longer term, perovskites. This
variety of available module types means that selecting the
right module type for the right location becomes more
complex, as the optimal balance between module cost

modules are only gradually entering the market but are
expected to gain larger market shares in the medium to long
term future. One of those alternative module types is the
silicon heterojunction module, currently produced mainly
by Panasonic (since their acquisition of Sanyo) as the Het-
erojunction with Intrinsic Thin-layer (HIT; [2]) module.
Other alternative PV modules include those based on thin-

and energy yield determine the best business case, among
other parameters.

The specifications of PV modules commonly show per-
formance under standard testing conditions (STC), which
are the following: irradiance of 1000 W/m?, spectral com-
position of light conforming to an airmass of 1.5 and a
module temperature of 25°C [3]. Testing at these condi-
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tions results in a measurement of the rated power output or
watt-peak power of the PV module. Additionally, specifi-
cation sheets report some performance parameters at non-
STC conditions: the nominal operating cell temperature
(NOCT), the temperature coefficient of power, current and
voltage, and sometimes the performance of the module as
a function of light intensity as well. Although these spec-
ifications thus accurately describe the performance of the
module under STC conditions and give some information
on the effect of variations in some parameters, they do
not offer much insight in the energy yield of the modules
under realistic, outdoor conditions. Furthermore, the effect
of other parameters on module performance, like spectral
variation, angle-of-incidence (AOI) and effect of increased
relative amounts of diffuse irradiance, is not described by
these specifications.

In this study, we compare the performance of eight
different PV module technologies and aim to establish
the effect of four different parameters on PV module
performance for all eight PV modules, namely irradi-
ance intensity, module temperature, average photon energy
(APE; [4]), AOI and the ratio of direct to total irra-
diance. Furthermore, we characterise the operating con-
ditions under which the PV modules operate for our
test-facility in Utrecht, the Netherlands, to show the effect
of deviation from STC conditions on the performance
of the PV modules, and the annual energy yield com-
pared with a reference yield that can be calculated based
on the rated watt-peak power output and annual inso-
lation. We analyse the performance as a function of
each parameter by filtering data around STC conditions
and varying only the parameter investigated. The data
was obtained over a period of approximately 1.5 years
of continuous measurements between 2014 July and
2016 January.

With this study, we aim to characterise the operat-
ing conditions at a North-Western European location and
compare the performance of a variety of PV module tech-
nologies under these conditions. We propose a general
method that can be used to characterise PV modules under
realistic operating conditions, not restricted to location.
The resulting method should allow for a more accurate

Comprehensive characterisation and analysis of PV module performance under real operating conditions

determination of which type of PV module is most suited
for the respective installation location.

2. METHODS
2.1. Test system and data acquisition

The measurements for this study were performed at
the campus of Utrecht University, Utrecht, the Nether-
lands, with the Utrecht Photovoltaic Outdoor Test facility
(UPOT) described in [S]. The test facility is located at
the top of an eight-storey building, at a height of about
36 m, at a longitude of 5.2°E and latitude of 52.1°N.
The facility operates year round, 24 h per day, performing
measurements on a set of PV modules, with a variety of
irradiance and atmospheric sensors. Measurements of PV
module performance is performed at in-plane irradiance
values above 50 W/m?.

2.1.1. PV modules

The test facility is equipped with 23 different mod-
ules, of a variety of PV technologies. Commercial modules
of technologies like mono-crystalline and poly-crystalline
PV modules are installed, including one pair of the same
n-type mono-crystalline silicon modules. Thin film tech-
nologies are represented in the form of amorphous silicon
(a-Si/a-Si tandem), CdTe and copper indium (gallium)
selenide (CI(G)S). Also, a pair of the same silicon het-
erojunction (SHJ) modules is installed. Table I gives a
description of the main STC parameters of all the mod-
ules observed. All modules are installed on a frame of
roughly 12 by 3.6 m that is tilted by 37° with respect to
the horizontal plane. From the PV modules, we measure
current-voltage (IV) curves at time intervals of 2 min, with
an Eko Instruments MP160 IV Curve tracer [6]. In between
IV curve measurements, the modules are kept at maximum
power point (MPP) by module-level power optimizers.
Combined with the measurement of the IV curve, back-of-
module (BOM) temperature is obtained by measurement
with a thermo-couple sensor fixed to the back of each PV
module, and an irradiance measurement is taken from an
Eko Instruments pyranometer installed in the plane of the
PV modules.

Table I. Overview of the modules installed at the Utrecht Photovoltaic Outdoor Test facility. Data taken from the module
specification sheets.

Parameter H1 M1 P1 P2 A1 CT1 CG1 CS1
Type SHJ Mono Poly Poly a-Si/a-Si tandem CdTe CIGS CIS
Area (m2) 1.39 1.63 1.58 1.64 1.45 0.72 1.07 1.09
Rated power Pmpp (W) 245 265 225 240 100 775 110 120
Current at rated power Impp (A) 714 8.55 769 8.03 5.71 1.61 5.61 2.79
Voltage at rated power Vimpp (V) 34.4 31.0 29.7 299 175 48.3 19.6 43.1
Short-circuit current Isc (A) 773 8.93 8.25 8.47 6.79 1.84 6.70 3.18
Open-circuit voltage Voc (V) 42.7 39.0 371 370 23.8 60.7 25.1 59.7
Isc temperature coefficient a (%/K) 0.03 0.04 0.04 0.05 0.08 0.04 0.00 0.00
Voc temperature coefficient B (%/K) -0.25 -0.33 -0.36 -0.32 -0.33 -0.24 -0.36 -0.37
Pmpp temperature coefficient y (%/K) ~ -0.30 -0.42 -0.43  -0.41 -0.20 -0.25 -045  -0.39

CdTe, cadmium telluride; CIGS, copper indium gallium selenide; CIS, copper indium selenide.
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Table Il. Overview of ranges used to filter data for investigation of the effect of different parameters on PV module
performance.

Parameter investigated Irradiance (W/m?2)

Temperature (°C)

APE“ (eV)  AOI(°) Clear-sky index

Irradiance (W/m?)

Temperature (°C) 950-1050
APE (eV) 950-1050
AQI (°) 950-1050

20.56-29.5

20.5-29.5

1.848-1.904  0-57

1.848-1.904  0-57 0.9-1.1
75-42.5 0-57 Manual?

1.848-1.904 Manual?

@ APE was determined from spectra that were measured in the wavelength range from 350 to 1050 nm.
b For analysis of effect of APE and AOI, we manually selected measurements from clear sky days. See section 2.3 for a discussion.

APE, average photon energy; PV, photovoltaic; AOI, angle-of-incidence.

2.1.2. Sensors

Aside from the module measurements, UPOT gath-
ers data with a variety of sensors. In-plane we measure
irradiance with three pyranometers, the measurements of
which are used for cross-validation. Also, solar spec-
tral irradiance is measured with a spectroradiometer that
measures spectral irradiance in the wavelength range of
350-1050 nm. On the horizontal plane, another pyra-
nometer is installed for measurements of global horizon-
tal irradiance, and a sun tracker with pyrheliometer and
pyranometer with shading assembly is installed for mea-
surement of direct and diffuse irradiance. Aside from the
irradiance sensors, a weather station is installed that mea-
sures ambient temperature, precipitation type and intensity,
relative humidity and wind-speed and direction. A more
detailed description of the measurement system is given
in [5].

2.1.3. Data acquisition, filtering and analysis

The data from the different sensors is obtained at differ-
ent frequencies. Weather and irradiance data and spectral
data is measured at 30 second intervals. An IV curve is
measured for all 23 installed PV modules in a series of
measurements that starts every 2 min.

The data is processed in LabVIEW software [7] and
subsequently stored in a MySQL database. During the pro-
cessing in LabVIEW and before insertion in the MySQL
database, several filtering steps are performed to flag PV
measurements that do not fulfil several quality criteria: (i)
stable irradiance during the measurement is ensured by
checking irradiance before and after the measurement of
an IV curve and flagging measurements with a deviation
of more than 5%; and (ii) some snowy days have manu-
ally been flagged, because the partial snow cover causes
irregular I-V curves, and/or incorrect irradiance measure-
ments if the snow covers the pyranometers, and full snow
cover of either pyranometers or PV modules also causes
incorrect measurements.

In this study, we analyse the effect of different opera-
tion parameters on PV module performance. We do this by
taking the complete dataset measured over the period of
2014 July through 2015 December, and filtering the data
to investigate the effect of each parameter separately. For
each parameter, we apply a filter that restricts the values of
all other parameters to around their STC values. Hence, we
filter data for irradiance, temperature, spectral irradiance,

AOI and clear-sky index.T The range of each filter parame-
ter is shown in Table II. To describe the performance effect
of each parameter, we perform a fit of the selected data to
a model (physical or general) that will describe the perfor-
mance of the PV module as a function of the investigated
parameter. We have used the Python programming lan-
guage in conjunction with the SciPy curve_fit module [8]
to process the data. The curve_fit module performs least-
squares fitting of data using the Levenberg-Marquardt
algorithm. The models used for fitting the different param-
eters, and our model optimisation approach are detailed in
the next discussion.

2.2. Model optimisation with
second iteration

The filter ranges discussed previously and shown in Table
II were chosen to limit the variation to values around STC,
except for the parameter currently investigated. However,
in some cases, the filter ranges need to be broadened. For
instance, for the analysis of AOI effects, filtering of irra-
diance and APE around STC values would exclude most
of the AOI measurements greater than 15°. As a result of
these broadened filter ranges, the effect of irradiance and
APE could be reflected in the data — and resulting model
fits — for AOI. Furthermore, even with datasets filtered
more closely around STC, the effect of variations in the fil-
tered parameters could still be present in the data and thus
affect the resulting model fits. To account for this problem,
we perform a second iteration of the model fitting, by cor-
recting the raw data with the models obtained in the first
model fit iteration. For example, for AOI, we correct the
data using the models obtained for irradiance, temperature
and APE, and perform a second model fit using this correct
data. We assess the change in the quality of the fit by com-
paring the root-mean-square error of the model fit before
and after the model optimisation.

2.3. Main performance functions

In this study, we analyse the effect of deviations from
STC in terms of irradiance, module temperature, spectral

T Clear-sky index is calculated here as the ratio between mea-
sured direct normal irradiance and modelled clear-sky direct
normal irradiance.
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composition of irradiance and AOI. Although module
performance is also affected by module stability [9], espe-
cially a-Si modules [10-12], and there is some evidence
of module stability fluctuations in our dataset for a limited
number of modules, we neglect this effect in our study, as
we assume the amplitude of the effect of stability variation
at our test site to be limited because the devices have been
light-exposed for more than 1 year before the start of the
dataset, and the effect of thermal annealing is likely limited
at Northern-European locations [12,13].

We have fitted the datasets to models describing the
PV module performance. From here on, we define per-
formance as the instantaneous performance ratio PR or
relative-to-STC power Ppel:

mPypp 1000 W/m?
PstC

PR = Py = (D

Gpoa

where mPypp and Pgtc are the measured and STC
rated maximum power, respectively, and Gpoa is the
in-plane irradiance.

For irradiance and temperature, we have used physical
models for fitting the data, however, in the case of spectral
composition and AOI, we have used polynomial models
based on the approach in [14]. In the following sections, we
discuss the models used and their background. The effect
of irradiance, temperature, APE and AOI is described by
the factors firr, fiemp, faAPE and faor respectively. These
factors are detailed in the following sections.

2.3.1. Irradiance

The effect of irradiance on the power output of PV mod-
ules is almost linear and is very reasonably approximated
by the function:

PstC

— 2
1000 W/m? @

Pmpp = Gpoa -
The short-circuit current increases linearly with irradiance,
but in the one diode model for an ideal solar cell without
shunt or series resistances, the open-circuit voltage (Voc)
increases logarithmically with irradiance:

KT . (I
Voe= —In[ = +1 3)
q Iy

where £ is the Boltzmann constant, 7' the temperature, g the
elementary charge, Isc the short-circuit or light-generated
current and /I the diode or dark saturation current. As
irradiance decreases, Isc decreases linearly, and the effi-
ciency of the PV modules thus becomes lower because the
decrease of V¢ with Igc.

The efficiency as a function of light intensity is also
affected by the shunt (Rgp,) and series Rg) resistance in the
solar cells and the PV module. As shown in the two-diode
model [15], efficiency decreases at high light intensity
because of the effect of series resistance and decreases at
low light intensity due to the effect of shunt resistance:

Comprehensive characterisation and analysis of PV module performance under real operating conditions

V+ IR
I'=Ic—1p, | exp T -1
V + IR
-1 -] -1 4
0 (“p( 24T ) ) @
V + IR
R¢p

where I, and I, are the diode saturation currents for the
two diodes. In practical operating conditions, the combined
effect of V¢, Rs and Ry, on module output power means
that in most cases, the relation between irradiance and
power is linear, but at low light (below 200-300 W/m?),
the Pmpp deviates from this linear relation [16,17]. Various
models exist to describe this behaviour, here, we follow
the example of Dirnberger et al. [18] by using the model
from Heydenrich er al. [19] as it was found to accurately
describe low-light behaviour of the PV modules considered
here [18]:

. = PR(G) = aG +bIn(G+1 n’G+e) |\
fir = PR(G) =aG+bIn(G+ 1) +c ﬁ— )

where fi;, is a factor describing the change in PR as a func-
tion of irradiance, a, b and c are empirical parameters that
describe the low-light behaviour of the PV modules, and
e is Euler’s number. We have adjusted the model to fit
performance ratio PR as a function of irradiance, instead
of efficiency. To analyse the effect of irradiance on PR
and energy yield and establish these parameters, we have
selected measurements from our dataset with a BOM tem-
perature within 4.5°C from STC (25°C), an APE between
1.848 and 1.904 eV, and an AOI below 57°, which was
found to be a ‘critical’ angle for AOI effects [20]. As
mentioned before, we aim to filter data around STC con-
ditions and vary only the investigated parameter. To obtain
a full range of irradiance measurements between 0 and
1500 W/m?2 however, we need to include measurements
at high diffusivity. Therefore, we have not used clear sky
index as a filter parameter in this case.

2.3.2. Temperature

Another parameter influencing the performance of PV
modules is temperature. As the temperature of PV cells
increases, the open-circuit voltage decreases because of
temperature dependence of the dark saturation current I,
as is shown in this derivation of the single diode equation
(Equation 3) for an ideal diode: As I is a function of the
intrinsic carrier concentration, which in turn is a function
of temperature, it can be expressed as follows:

E
Ip = CT3 exp (—kiTO) 6)

where C is a temperature-independent constant, and Eg
is the band gap of the material, extrapolated to absolute
zero temperature. As can be seen in the Equations (3) and
(6), the term T in the exponent of Equation (6) makes
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that the temperature dependence of I has more effect on
Voc than the term T outside of the natural logarithm in
Equation (3) and thus the result is a negative dependence of
Voc on temperature. Also shown in (3) is that the temper-
ature dependence of a PV module is as related to the band
gap of the used material. Generally speaking, the effect
of temperature on PV module performance decreases with
the band gap of the material. High band gap technologies,
such as a-Si and CdTe thus have lower specified temper-
ature coefficients than crystalline silicon and CI(G)S PV
modules. We have in this study assumed a linear relation
between temperature and performance:

Jremp = PR(T) = 1+ (Tpom — 25) X Yprel @)

where fiemp is a factor describing the change in PR as a
function of temperature, Tgopm is the BOM temperature
and ypre] is the STC temperature coefficient of Pye) (Which
is equal to the temperature coefficient of Pmpp). As shown
in Table II, we have selected data from an irradiance range
from 950-1050 W/m?2, with a clear sky index between 0.9
and 1.1 and APE within 1% of STC. The used fit model
thus corrects power for irradiance assuming them to be
linearly proportional in the considered irradiance range.

2.3.3. Spectrally distributed irradiance

The STC conditions at which PV modules are rated also
prescribe the spectral composition of the light source used
to determine STC power output of the module. The spec-
tral distribution should conform to the AM 1.5 G standard
solar spectrum as defined by IEC 60904-3 ed. 2 [21]. For
the wavelength range of the spectroradiometer used in this
study (350-1050 nm), the AM1.5 APE is 1.876 eV. The
effect of spectral variation on PV device performance is
a result of multiple factors: (i) the band gap of the mate-
rial used for the PV module determines a minimum photon
energy that can generate free carriers in the PV cells, (ii)
above this threshold, the absorption of and carrier gener-
ation by photons varies as a function of their wavelength.
(iii) the energy in photons above the band gap threshold is
not converted into current but rather dissipated as heat in
the PV cells.

The effect of these parameters is reflected in Figure 1,
which shows examples of the internal quantum efficiency
(IQE) and spectral response (SR) of various types of PV
modules. The IQE shows the relative amount of carriers
generated for each photon wavelength (energy). The SR
shows the resulting current generated per watt of irradi-
ance at each photon wavelength. The SR is calculated by
multiplying the IQE with the ratio of the band gap to the
photon energy. Spectral shifts towards the red region of
the spectrum (low photon energy, large wavelength) usu-
ally result in lower generated current, as more photons are
below the band gap threshold, and thus the IQE and SR are
lower. The effect of spectral variation on PV device per-
formance is thus most pronounced for technologies with
a narrow SR, such as CdTe and a-Si. Especially for a-
Si, there is much evidence in the literature of this effect

A. Louwen et al.
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Figure 1. lllustrative example of the internal quantum efficiency
(IQE) and spectral response of six different photovoltaic cell
technologies. Data courtesy of [22] and [23]. [Color figure can

be viewed at wileyonlinelibrary.com.]

[9,24-30]. As two-dimensional data, the measured spectra
are an inconvenient way to present the effect of spectral
variation on PV performance. Therefore, researchers often
analyse the performance of PV as a function of a one-
dimensional parameter representing the spectra. Examples
are the useful fraction [31-33], the spectral factor or spec-
tral mismatch factor (MMF) [9,24,25,34] and the APE
[4,34,35]. The useful fraction, spectral factor and spectral
mismatch factor require that a researcher knows the SR of
the PV module under study. This data is not available pub-
licly for commercial PV modules. In contrast, the APE is
an external parameter, as it represents the average energy
of an incoming photon. It is calculated as follows:

JPEQ)dA

APE = =4 —"—
qaf, pM)dA

®)

where E(X) is the photon energy, ¢(A) is the photon flux
at wavelength A, and a and b are the limits of integra-
tion, which are 350 and 1050 nm for the spectroradiometer
used in this analysis. A number of studies have confirmed
the applicability of APE as an indicator of unique spec-
tra [36—40]. The APE varies both on a daily and seasonal
basis, due to increased airmass at sunrise and sunset com-
pared to noon, and in winter compared with summer. For
instance, before sunrise and after sunset, as there is only
diffuse light from the atmosphere, the spectral irradiance
is blue-shifted and APE is high. When the sun is close to
the horizon, the light is red-shifted and APE is low. Dur-
ing the day APE increases again to a maximum around
noon. As the sun has a lower zenith at noon in winter com-
pared with summer, the APE is lower in winter compared
with summer months. Furthermore parameters like cloud
cover, atmospheric water and aerosol content affect APE
by absorption and scattering of solar insolation.

For limited ranges of APE values, and for some PV
module types the effect of APE on performance seems
to be linear. However, considering a full range of APE
measurements, the relation is non-linear. Here, we have
used the approach described by [14] for airmass and AOI
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effects, which is to use an empirical polynomial model
to fit the data. As variations in the spectrum affect the
power output indirectly, but current generation directly,
we have analysed performance in terms of the normalised
short-circuit current, nlg:

mlse - (1 + o, - (Tgom —25))"!

©)]

nlgc = —
Gpoa - (Gste) ™ - rlsc

where mlg. and rlg. are the measured and STC rated
short-circuit current, and oy, is the temperature coeffi-
cient of short-circuit current. As shown in this equation,
we use the module specifications to correct the measured
short-circuit current for temperature, as the temperature
coefficients obtained with the analysis of section 2.3.2 refer
to those for module power and thus cannot be used to cor-
rect the data for measured short-circuit current. We fitted
data for the performance ratio of the short-circuit current
to a polynomial model:

fapE = PR(APE) = ag+aj -APE + ay -APE?

+a3 -APE> +ay - APE* + a5 - APE?
(10)

where fapg is a factor describing the change in PR as a
function of APE, a, are a set of empirical parameters, APE
is the measured APE value and f4pg is the relative effect
on performance.

2.3.4. Angle-of-incidence

The STC power ratings of PV modules are performed
with a beam of light that is perpendicular to the PV mod-
ules surface. As a consequence of the (apparent) movement
of the sun across the Earth’s sky, the sun’s light hits the
PV modules at different angles throughout the day, as solar
zenith and azimuth change. Because of the Earth’s inclina-
tion, there is also a strong seasonal variation in the course
of zenith and azimuth throughout the day. Combining the
solar zenith, azimuth, and the slope and orientation of the
PV module, we can calculate the AOI between the beam
component of solar irradiance and the PV module surface.
In Twidell and Weir [41], it is defined as follows:

cosf =cosf;-cos P +sinf; -sin B -cos(ps—¢p) (11)

where 6 is the AOI, 6, is the solar zenith, f is the PV mod-
ule slope, ¢y is the solar azimuth and ¢ is the orientation of
the PV modules (by definition ¢ = 0 for a panel oriented
to the south in the northern hemisphere).

A higher AOI results in a decrease of light coupled
into the PV cells [20,42-44]. To analyse the effect of AOI
on the performance of the PV modules we have fitted a
polynomial model from [14] to the data:

faor = PR(AOI) = ag + aj - AOI + a3 - AOI

+az-AOP +ay - AOI* + as - AOP
(12)

Comprehensive characterisation and analysis of PV module performance under real operating conditions

where faop is a factor describing the change in PR as a
function of AOI, a, are a set of empirical parameters and
AOI is the AOI. The filter ranges were adjusted to allow
for a larger range of APE values and lower irradiance
measurements, as STC values for irradiance and APE are
generally only measured at very low angles-of-incidence.
Previous research suggests a strong decline in performance
at high angles-of-incidence [45-47], mainly (after correct-
ing for irradiance) because of increased reflectance at high
angles-of-incidence [46].

2.4. Seasonal and annual effect
of parameters

The fit models obtained are used to calculate the effect of
each parameter on module performance, for all the mea-
surements in the complete dataset and for the complete
period. This allows us to track the effects over time and to
analyse the contribution of each parameter to seasonal and
annual energy yield.

To combine both the variation in operating conditions
and the effect of these variations on PV performance, we
analyse and plot the performance deviation as a function
of the percentile of data measured for each parameter. This
allows us to visualise, for instance, that although the effect
of temperature on performance is very pronounced, the
resulting variation in performance, taking into account a
full year of module temperature variation, is low, as the
majority of measurements have temperatures around STC
values, much lower than NOCT, because of an excep-
tionally large amount of low-irradiance measurements
(section 3 and Figure 2).

The calculated parameter effects also allow us to show
the seasonal variation of performance as a result of the vari-
ation in operating conditions. We aggregate this data per
4 weeks and use weighting so the graphs show the effect on
energy yield. For irradiance, temperature and APE we use
in-plane irradiance for weighting, for AOI, we use direct
irradiance (as we have many measurements with high lev-
els of diffuse irradiance). We also analyse the effect on an
annual basis in a similar way, but aggregating all data for
1 year.

3. CHARACTERISATION OF
OPERATING CONDITIONS

Figures 2 and 3 show the characterisation of weather con-
ditions at the UPOT. Data for irradiance, APE, ambient and
module temperature and AOI show that realistic operating
conditions for a North-Western European location hardly
ever agree with STC, especially for irradiance and AOI.

In our location, module temperature is almost normally
distributed around STC (25°C), although the variance is
quite large. This is striking as the nominal operating tem-
perature is between 40 — 50°C for the studied modules.
However, our location is characterised by large amounts of
low irradiance measurements, well below the 800 W/m? at
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Figure 2. Distribution of irradiance, clear sky index, average photon energy, ambient temperature, module temperature (back-of-

module temperature Tgom) and angle-of-incidence at the Utrecht Photovoltaic Outdoor Test facility in Utrecht, the Netherlands,

for the year 2015. The y-axis shows the relative probability of occurrence. Clear sky index, average photon energy, were weighted

by irradiance, Tgom by module power and angle-of-incidence by direct irradiance. Dashed red lines indicate standard testing

conditions. Shaded areas indicate the interquartile ranges, the solid black lines the medians. [Color figure can be viewed at
wileyonlinelibrary.com.]
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Outdoor Test facility in Utrecht, the Netherlands, for the year 2015. Ambient temperature and APE where weighted by irradiance.
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which NOCT is established, with concurrently low operat-
ing temperatures. The distribution of APE is more or less
around STC, but with very long tails, especially on the
lower side. Almost no measurements have an STC AOI,
and almost 98% of measurements have an irradiance lower
than 1000 W/m2. The development of insolation, mean
air temperature and mean APE is shown in Figure 3. This
figure shows that there is a very strong seasonal variation
of all three parameters. It shows that only a small portion
of the APE measurements are around STC.

These results indicate that for the location investigated,
practically all measurements deviate significantly from
STC, and as a result, the performance of PV modules could

very well be significantly affected, especially on a seasonal
basis. In the following sections, we investigate the effect of
variation in irradiance, APE, module temperature and AOI
on the performance of different types of PV modules.

4. MODEL FIT QUALITY

Table III shows the results of the initial model fits, and
the model optimisation, which corrects the initial fit for
each parameter, with the fit models from the other param-
eters (section 2.2). The table shows the root-mean-square
error (RMSE) of the data to the models, for each module
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Table lll. Overview of root-mean-square errors (RMSE) of the model fit to the data for four parameters and eight devices. For each
parameter, the top row indicates RMSE before, while the lower row indicates RMSE after optimisation and correction. Font style and
colours are used as a visual aid to indicate improvement (bold, green) or deterioration (italics, orange) of the fit.

Device
Parameter H1 (%) M1 (%) P1 (%) P2 (%) A1 (%) CT1 (%) CG1 (%) cS1 (%)
Irradiance 2.85 3.28 4.87 3.08 3.43
1.49 1.39
Temperature
" - - - 0.94 - _ 150 147
APE 1.26 1.10 1.42 1.26
3.25 3.15 4.25 4.1
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Figure 4. Performance ratio relative to standard testing conditions conditions as a function of irradiance, for eight different modules.

Module names are indicated in the top left corner of the plots and refer to section 2.1.1 and Table |. The graphs show the non-linear

model of Equation 5 fitted to the measured data. The red datapoints and curve indicate the raw data and fitted model, the blue

datapoints and curve are the corrected data and optimised fitted model. Most red datapoints are not visible as they are plotted behind
the blue ones. The dashed vertical line indicates STC irradiance. [Color figure can be viewed at wileyonlinelibrary.com.]

separately. The largest errors in the initial fit are found for ber of irradiance measurements well above 1000 W/m?,
irradiance and AOL. For temperature and APE, the RMSE  because of cloud-induced super-irradiance. The results of
is around 1% for most modules, while for irradiance and  the analysis are shown in Figure 4. The selected data were
AOL the error is around 3% but up to almost 5%. In most  used to fit the model of Equation 5. For four types of

cases, the model optimisation improves the fit of the mod- modules, we find that deviation away from STC irradi-
els. Notable exceptions are the P2, CG1 and CS1 modules, ance leads to a small increase of performance (H1, M1,
which show a deterioration for the fits in half or more of the P2, Al) relative to STC conditions. Below approximately
cases. The most notable improvements of the fitted model 175-200 W/m?2 however, performance of these modules
occurs for the AOI fits. starts to deteriorate. Contrary, for module P1 we do not see

the performance increase, likely because of a lower series
resistance in this module. For the CdTe and CI(G)S mod-

5. MODULE PERFORMANCE ules, lowered performance is measured at lower irradiance
values. Especially for the CIS module this effect seems
5.1. Irradiance very pronounced. These results are striking, considering

that it is often reported that thin-film modules operate bet-
To analyse the effect of variation in irradiance intensity ter at low light conditions compared to crystalline silicon
on PV performance, we have filtered data around STC modules. The strong decrease of performance could be due

conditions, varying only the irradiance in the range of 50— to a relatively low shunt resistance in the modules [48], as
1400 W/m? (Table II). Because of the high time resolution the adverse effect of low shunt resistance on performance
of the measurement, the datasets include a significant num- is greater as irradiance is lower.
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Figure 5. Performance ratio relative to standard testing conditions as a function of back-of-module temperature, for eight different

photovoltaics modules. Linear models were fitted to the data (solid red and blue lines). The red datapoints and lines indicate the raw

data and fitted model, the blue datapoints and lines are the corrected data and optimised fitted model. The temperature coefficient

of module power is shown in the top right corner for raw and corrected data. The dashed vertical line indicates standard testing
conditions temperature. [Color figure can be viewed at wileyonlinelibrary.com.]

The results show that the filtering still results in large
datasets with a large spread around the model fits. As a
result, compared to the analyses for other parameters, the
fit errors (RMSE) are relatively high. The model optimisa-
tion decreases the fit errors, however the effect on the data
and the fits is not as visible in Figure 4.

5.2. Temperature

The effect of temperature on PV module performance was
estimated by filtering data around STC irradiance, APE
and AOI and varying only BOM temperature. For the fil-
ter ranges see Table II. The results of our analysis, shown
in Figure 5, indicate for each module type the temperature
coefficient at maximum power.

The values obtained from this outdoor, long term
measurement mostly agree quite reasonably with those
reported by the manufacturer in the module specification
sheets. Notable exceptions are the A1, CS1 and CG1 mod-
ules. The thin-film a-Si/a-Si tandem A1 module shows a
temperature coefficient of +0.05%/K for raw data, while
module specifications indicate a negative coefficient of
—0.20%. After the model optimisation however, the fit is
shifted towards a value of —0.19%, which is very close to
the module specifications. The positive value obtained for
raw results is predominantly caused by variation in spectral
irradiance, which have quite a strong effect on the per-
formance of this module (section 5.3). The importance of
considering the spectrum for outdoor determination was
also shown by Makrides er al. [49].

For the CS1 and CG1 (CIS and CIGS) modules, we
observe a much stronger negative coefficient of maximum
power (-0.54%/K and —0.47%) for raw data, than in the
module specifications (-0.45% and —0.39%). After correc-
tion, the coefficients are —-0.47%/K and —0.40%/K, and the
difference with module specifications is 0.07%/K smaller

for both modules, mainly due to correction for APE and
irradiance. From the results we can also observe that the
CS1 module seems to operate at higher temperatures com-
pared to the other modules investigated, even though the
specified NOCT does not indicate this. For the CT1 mod-
ule, the difference in fitted and specified coefficient is not
very big for the raw data, but is bigger for the corrected
data. This is likely an overcorrection for APE or the results
of a temperature mismatch between BOM and cell.

The values obtained for the M1, P1 and P2 modules are
quite close, but somewhat smaller (less negative) compared
with the specified values. The data fitting indicate that
each module seems 0.01%/K less affected by temperature
change than the module specifications show, however, this
difference is likely within the margin of error. The effect of
data correction and model optimisation is small for these
modules. The coefficient obtained for the Hl module is
also close to module specifications, but is larger in the raw
data, and smaller in the corrected data. This might be due
to an overcorrection of the data.

5.3. Spectral variation

The effect of spectral variation (here analysed by means
of APE) on the performance of the eight investigated PV
modules is shown in Figure 6. The figure shows data
measured at manually selected clear sky days, and a poly-
nomial model fitted to this data. The results indicate as
expected a strong effect of varying APE on the perfor-
mance of the Al (a-Si/a-Si tandem) module, while the
effect is limited for crystalline silicon based modules (M1,
P1, P2) and the H1 (heterojunction) module. In the low
end of APE values, the CT1 module shows lowered perfor-
mance, although the number of datapoints in this region is
very small. Very low APE values are normally measured
at high airmass and thus (for these fixed tilt modules) high
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angles of incidence. However, these datapoints are filtered
from the data for this analysis to avoid the data representing
the effect of both parameters on PV module performance.
For the crystalline silicon based modules (H1, M1, P1,
P2) and the CI(G)S modules (CG1 and CS1) we observe
a slight decrease of performance as the APE increases.
This is likely related to the low band gap and the peak
of SR at long wavelengths (Figure 1). At very low APE
values, we do however observe a slightly decreased per-
formance for these modules. For the CI(G)S modules this
effect is stronger compared the crystalline silicon based
modules. The model optimisation does not seem to affect
the model fits. For all modules except the Al module,
the peak of performance is at a lower APE than STC
conditions specify.
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5.4. Angle-of-incidence

Figure 7 shows the effect of angle-of-incidence on the
performance of the studied PV modules. The red and
blue lines indicate the polynomial model fitted to the data
(Equation 12). For all modules investigated, there is a
strong decrease in performance at high angles of incidence,
although the magnitude of the effect slightly differs from
on module to the other. The effects of high angles-of-
incidence do not necessarily depend on the semiconductor
material in the module, but likely more on the optical struc-
ture of the whole device, and as such the type of glass used
as front cover of the module, and the applied laminate [46].
This seems to be confirmed by our results, which distin-
guish the modules with a smooth glass front cover (CT1,
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CG1 and CS1) from the textured glass modules (H1, M1,
P1, P2). In the latter case, the onset of angular losses is at
a higher AOI, but the decline is sharper, compared with the
more gradual effect observed in the smooth glass modules.
The fit for the A1 module seems affected by a large spread
in both the raw and uncorrected data.

The data correction and model optimisation substan-
tially affects the data and resulting model fits. The raw data
and their fits clearly exhibit the effect of low irradiance and
low temperature, at high angles of incidence. Correction
for these parameters, and APE, significantly improves the
model fit for all modules investigated (Table III). For the
crystalline silicon based modules M1 and P2, we clearly
observe enhanced performance at low irradiance levels that
coincide with large angles of incidence. This is visible at
the ‘knee’ of the graphs in Figure 7. As a result of the

A. Louwen et al.

model optimisation, this effect is reduced significantly, and
the graphs become nearly horizontal up to roughly 60°. For
the CG1 and CS1 modules, an opposite effect is observed,
where the correction for low performance at low irradiance
shifts the AOI fit and data to the right (Figure 7).

5.5. Module comparison

Figures 8 and 9 show a comparison of the effects of the
investigated parameters for the eight investigated PV mod-
ules. Figure 8 shows the fitted models from Figures 4-7.
In this figure, we can clearly see that: (i) low irradi-
ance most substantially affects the performance of the
CS1 module, but the CG1 and CT1 modules also show
strongly decreased performance at low irradiance con-
ditions, contrary to what is often reported for CI(G)S
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Figure 8. Comparison of Performance Ratio (relative to STC) of eight PV modules as a function of irradiance, temperature, average
photon energy (APE) and angle-of-incidence. [Color figure can be viewed at wileyonlinelibrary.com.]
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Figure 9. Comparison of Performance Ratio (relative-to-standard testing conditions) of eight photovoltaics modules as a function of

the measured percentiles for irradiance, temperature and average photon energy (APE). The interquartile range is indicated by the

thicker portion of the lines. The dashed vertical lines shows the percentile location of standard testing conditions for each parameter.

Angle-of-incidence is omitted from this figure, as its effect on overall performance is also affected by the fraction of direct light. [Color
figure can be viewed at wileyonlinelibrary.com.]
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modules. The performance increases at low irradiance for
the P2 and especially the M1 module; (ii) increased mod-
ule temperature has the most effect on the CG1 module
(<0.47%/°C), slightly less for the M1, P1, P2 and CSI
modules (-0.40 to —0.42%/°C), and significantly less for
the H1 (-0.28%/°C), CT1 (-0.29%/°C) module and Al
(=0.20%/°C) module; (iii) the effect of spectral variation is
very pronounced for the Al module, and most limited for
the crystalline silicon based modules; (iv) the AOI losses
are significant for all modules, but the effect is different for
smooth glass modules (CT1, CG1, CS1) compared with
textured glass modules (H1, M1, P1, P2). The fit for the A1
module seems negatively affected by noise in the data.

Figure 9 combines the fitted models from Figures 4—7
and the measurements presented in Figure 2. It shows the
performance deviation as resulting from variation of the
four investigated parameters as a function of the relative
occurrence of the variation in each parameter. The dashed
vertical lines indicate the location of STC values for each
parameter. The figure makes visible that for some modules,
the observed variation in operating conditions does not
result in strong deviation of performance relative to STC.
This is true mainly for H1 and P2, and to a lesser extent
for M1 and P1. Especially for the CS1 module, but also
for the CG1 and CT1 modules, strong deviation from STC
performance is observed as a result of observed variation,
mainly irradiance and temperature. The effect of observed
variation in spectral composition of irradiance is espe-
cially clear for the A1 (a-Si/-a-Si tandem) module, because
the optimal current matching between the two cells in
the tandem module is affected as the APE shifts away
from STC conditions [38,50]. Thus, this effect does not
so much depend on the module material, but rather on the
tandem structure.

6. EFFECT ON SEASONAL AND
ANNUAL ENERGY YIELD

We have analysed the effects of observed variation in oper-
ation conditions on both seasonal and annual performance.
The results of this analysis are shown in Figures 10 and
11. Figure 10b shows that especially variation in mod-
ule temperature leads to a substantial seasonal variation
in performance for all modules, although the effect is of
course smaller for the modules with lower temperature

Comprehensive characterisation and analysis of PV module performance under real operating conditions

coefficients. Because of high operating temperatures, per-
formance is decreased in summer. In winter, module
temperatures are so low performance is increased above
STC values (although energy yield in this period is low
due to low insolation). Variation in APE also results
in seasonal variation of performance, especially for the
A1l module, showing a peak in summer (high APE) and
strongly decreased performance in winter (low APE) in
Figure 10c. Low APE values observed in winter can lower
the performance of this module by almost 15%. For the
(non-tandem) CT1 module this seasonal effect is similar
but much less pronounced. Fig 10a shows that because
of deviations in irradiance, some modules, most obviously
the CS1 modules, operate at lower performance compared
with STC year-round, while other modules, like the M1
module, benefit from year-round lower-than-STC irradi-
ance. The effect of AOI on seasonal performance variation
is small, as this effect is compensated by an increase
of diffuse irradiance, and the majority of measurements
performed have a high fraction of diffuse irradiance.

The contribution of observed variation in operating con-
ditions to annual performance is shown in Figure 11. This
figure indicates that for all modules there is a negative
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Figure 11. Stacked bar chart showing a comparison of the
effects of variation in four parameters on annual module perfor
mance. The red diamonds indicate the combined effect of all
four parameters. For the module specifications please refer to
Table I. [Color figure can be viewed at wileyonlinelibrary.com.]

------- Al -= CT1 CG1 - CS1

-— H1 M1 P1 - P2
© 1.1 (a) irradiance 11 (b) module temp.
(%) ~
e -
= 1.04= 1.0
2
5 .
] 0.9 1 0.9
[
& 0.8 0.8 - 0.8

(e) combined

(d) angle-of-incidence

1.1~
B 1.0 4

0.9

0.8 0.8 4

T T T T T T T T T

Jan Apr Jul Oct

T T T T T T T T T

Jan Apr Jul Oct

LI B B B S B B e

Jan Apr

T T T T T T T T T

Jan Apr Jul Oct

Jul Oct Jan Apr Jul Oct

Figure 10. Overview of the effect of variation of four parameters, and their effects combined, on the seasonal performance of eight
photovoltaics modules. For the module specifications refer to Table I. [Color figure can be viewed at wileyonlinelibrary.com.]
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effect of module temperature and AOI on annual perfor-
mance, except for the Al and P2 modules, that appear
to get a small performance bonus from deviation of AOI
values, which we cannot conclusively explain. For both
modules the AOI models fitted show slightly (P2) or signif-
icantly (A1) increased performance between roughly 15°
and 65°. For the A1 module, this might be due to increased
absorption in the thin silicon film as a result of the longer
trajectory of light in the absorbing layer. For the P2 mod-
ule it seems outliers in the dataset (visible in Fig 7) could
have affected the model fit.

Deviations of irradiance from STC conditions results
in enhanced performance for five modules: H1, P1, P2,
Al and especially M1, while the other thin-film modules
show poor low-light performance and thus are affected
negatively by irradiance in terms of annual output.

Especially the CS1 module, which operates generally
at higher temperatures compared with the other modules,
temperature losses are large. This module is also very
strongly affected by the low irradiance operating condi-
tions, and AOI effects. On an annual basis, most modules
are (almost) unaffected by variations in spectral compo-
sition of irradiance. The one exception is the thin-film
a-Si/a-Si tandem A1 module.

7. CONCLUSIONS

We have characterised and compared the performance of
different types of PV modules, under realistic operating
conditions observed in a North-Western European installa-
tion location, in the context of an R&D project focussing
on the development and assessment of silicon heterojunc-
tion (SHJ) technology. We have analysed the effect of
deviations from STC observed for irradiance, module tem-
perature, spectral composition of irradiance and AOIL. Our
results show that the effect of observed variations in oper-
ating conditions affect modules very differently according
to module type (semiconductor material) but also the mate-
rials used in the modules, such as the type of glass used in
the front cover of the module.

In our study, a CIS was most affected by variations of
operating conditions. This module exhibited, on an annual
basis, a negative effect of variations in all investigated
parameters, and an especially strong effect of irradiance
and temperature variations on annual performance. The
combined effect of all parameters was a decrease in annual
energy yield of more than 6%, of which 3.2% caused by
low irradiance and 2.2% by high temperature operation of
the module. AOI effects amounted to a performance loss of
around 0.5%. The other modules investigated were much
less affected by variations in operating conditions, with the
annual combined effect ranging from —3.1% to +1.6%.

Focusing on the SHJ module, our results show that this
module performs very similar to other crystalline silicon
based modules in the study. The benefit of SHJ’s small
temperature dependence is confirmed by lower tempera-
ture related losses, and there is no substantial difference in
the response to varying spectral conditions.

A. Louwen et al.

Examining the effects in the context of PV module types
(semiconductor materials), we see that not only all effects
seem to be related to semiconductor material but also to the
type of glass on the front of the module, and other module
parameters, such as a tandem or single junction structure,
or the packaging in the module (warm or cool packaging).

By supplying more information on the effect on PV
module performance of different operating parameters, like
spectral irradiance, low irradiance conditions and AOI, PV
producers could improve the estimates installers make on
the expected energy yield of the PV systems they install,
especially when they can connect this with data on local
operating conditions. We argue that the addition to the
module datasheets of SR data, and data showing the perfor-
mance of the modules as a function of irradiance and AOI
would improve the estimates of installers substantially.
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