PV technologies performance comparison in temperate climates
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1. Introduction

The actual performance of PV systems is strongly
related to the environmental conditions; in detail, the
parameters that most affect energy production are global
irradiance, ambient temperature and solar radiation spec-
trum (Monokroussos et al., 2011; Huld et al., 2010;
Strobel et al., 2009; ZinBer et al., 2008). These parameters
directly affect the operating conditions of PV modules, with
particular reference to cells temperature, which can be
identified as one of the major factors affecting electricity
production. However, each PV technology reacts differ-
ently to the variations of cells operating temperature,
according to the temperature coefficient (Makrides et al.,
2009): the performance of crystalline silicon modules
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(c-Si), as is well known, decreases when temperature
increases (Radziemska, 2003); on the contrary, modules
realized with single or multi-junction amorphous silicon
cells (a-Si) are able to improve the electrical performance
in high-temperature conditions (Makrides et al., 2012).
This effect, which is called thermal annealing, allows to
recover part of the nominal power initially lost due to Light
Induced Degradation (LID), as a consequence of a pro-
longed exposure to high temperature (McEvoy et al.,
2012). These modules have a strongly site-dependent per-
formance, which is typically difficult to predict in terms
of actual energy production.

In such a scenario, it is worth to note that the actual per-
formance of PV modules in outdoor conditions is thus
determined by the overlapping of several concurrent effects,
which are difficult to differentiate and analyze individually
(Fanni et al., 2011; Gottschalg et al., 2003).
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The aim of this study is the definition and the performance
comparison of three main categories of PV modules, made,
respectively, of crystalline silicon cells (c-Si), micromor-
phous silicon cells (a-Si/pc-Si) and heterojunction with
intrinsic thin layer (HIT). The first category is the most com-
mon all over the world (European Photovoltaic Industry
Association, 2010), with a stable and predictable perfor-
mance over time; the second is an emerging technology at
commercial level, with very competitive manufacturing costs
(Stannowski et al., 2013; Chopra et al., 2004; Zweibel, 1999),
and the third achieves a very high energy conversion efficie
ncy among the PV products for civil uses actually available
on the market (Taguchi et al., 2014; Tsunomura et al., 2009).

The paper provides the experimental monitoring and a
critical analysis of different representative commercial PV
modules, applied at the experimental test facility of the
Politecnico di Milano University from January 1 to
December 31, 2013. The experimental analysis was carried
out in order to evaluate in detail the actual performance of
the chosen technologies in a temperate climate, under real
operating conditions.

2. Experimental setup

This section describes the experimental setup of the PV
test facility used to monitor the selected PV technologies.
In detail, the test facility is arranged with mounting struc-
tures characterized by a variable tilt angle and oriented
with an azimuth angle of 0°. The climatic conditions of
the reference context are summarized in Table 1

The PV test facility is equipped with sensors aimed at
providing measurements of meteorological and operating
parameters, in order to determine the energy performance
of the components being tested. All devices are connected
to a central data-logging system that stores the measure-
ments at 1-min intervals. The data-monitoring system con-
sists of the equipment described in Table 2.

The DC/AC conversion is operated by a transformerless
micro-inverter with MPPT tracker, that allows to monitor
each PV module separately. The efficiency curve of the
inverter provided by the manufacturer was verified with
an experimental data-acquisition campaign performed on
a sample PV module. The data obtained are shown in Fig. 1.

During 2013 (January 1 to December 31), a section of
the above-described experimental facility was arranged in
order to perform a comparative monitoring and investiga-
tion on different photovoltaic components, installed with a
tilt angle of 30°. The monitoring analysis was focused on
the three different PV technologies introduced previously,
as discussed more in detail in Section 3. In order to identify
any functional or unexpected performance anomalies, two
identical PV modules were monitored for each technology.

The comparative analysis between modules of the same
technology showed a difference in performance parameters
lower than the accuracy of the monitoring devices. For this
reason, in the prosecution of the work, only the data related
to one module for each technology tested are shown.

A schematic of the described PV test facility section is
shown in Fig. 2.

It is important to note that, in order to evaluate the
operating performance of the modules, the power and the
energy acquisition are provided in AC. However, the inver-
ter efficiency curve allows to calculate analytically the cor-
responding DC values.

In addition, the reliability of the DC quantities deter-
mined with such method was verified by the presence, on
one of the available test benches, of current and voltage
DC sensors, which are able to acquire the output data from
the PV module.

3. Tested technologies

This section describes the average features of the chosen
PV technologies adopted for the comparative analysis. In
detail, the chosen modules are PV products widely avail-
able on the European market, made of crystalline silicon
cells (c-Si), micromorphous cells (a-Si/uc-Si) and hetero-
junction with intrinsic thin layer (HIT) cells, respectively.
A description of each technology is provided in the follow-
ing sub-sections.

3.1 c-Si

The most common PV technology on the market is the
crystalline silicon (c-Si). Commercial modules, made of
0.2-0.5 mm thick PV cells, generally connected in series
or in parallel, are characterized by an efficiency typically
in the range of 11-20% and a temperature coefficient on
power between 0.3 and 0.5%/K (Tiwari et al., 2011). Crys-
talline technology can be divided in multiple categories,
according to the crystallinity and crystal size in the result-
ing wafer. The most used categories are monocrystalline
silicon cells (sc-Si) and multicrystalline silicon cells (mc-
Si), which have very similar characteristics, although the
conversion efficiency of the monocrystalline cells is typi-
cally slightly higher. Which is why, in this work, sc-Si tech-
nology was considered as representative of the whole
category (c-Si).

The cells of the considered module are realized through
the well know Czochrahki method (McEvoy et al., 2012).

Itisimportant to note that c-Si PV modules are able to con-
vert solar energy into electrical energy in a wide spectrum, typ-
ically between 350 and 1200 nm, with a higher quantum
efficiency in the near-infrared band (Sirisamphanwong and
Ketjoy, 2012; Ishii et al., 2011; Minemoto et al., 2007).

The modules analyzed are characterized by the parame-
ters summarized in Table 3.

3.2. a-Siluc-Si

One of the most promising thin-film silicon solar tech-
nology is the so-called micromorph tandem, because it
combines theoretical high efficiencies, with respect to other
thin-films technologies, with very low manufacturing costs.



Table 1
Representative climatic parameters of the reference climatic context.

Site Latitude  Degree- Summer design Winter design Annual global irrad. on horiz. plane Annual average wind
days temp. (°C) temp. (°C) (kW h/m? year) velocity (m/s)
Milan 45° 2404 32 =5 1270 1.7
Table 2
Data-monitoring equipment and accuracy level.
Instrument Measurement u.m N° Accuracy
Solar irradiance sensor Solar irradiance on module plane and on horizontal plane W/m? 2 +4%
Temperature sensor Mean surface temperature of PV modules °C 8 B class (IEC 60751)
External temperature sensor Environmental temperature °C 1 B class (IEC 60751)
Power sensor Electrical power measurement w 2 +1%
The manufacturing process combines an amorphous sil-
icon (a-Si) top layer over a microcrystalline silicon layer Table 3
.( ) top lay y Y Main features of the c-Si modules tested.
(nc-Si) on a glass substrate. Between the top and the bot- —
tom sub-cell an intermediate reflector, generally realized ~— Characteristic um Value
with doped silicon oxide layer, deposited by plasma depo- ~ Area m’ 1.63
sition, ensures current continuity between layers. Prapp (STC) w 250
o Vinpp (STC) \% 30.6
The top cell absorbs and converts the visible solar spec- Lo (STC) A 317
" . mpp :
trum, typically between 250 and 800 nm, while the bottom V.. (STC) \ 37.8
one is more sensitive to near-IR wavelengths, in the range I (STC) A 8.62
between 500 and 1000 nm. In addition, the band-gap com- ~ NOCT °C 45
. . . . . . : i o _
bination provided by a-Si/pc-Si corresponds approximately ~ Lemperature coefficient on power VlK 044
he ideal band-gap combination, with two main benefits: Lo Perature coeflicient on Voc WK 0327
to the 1 ca gap o > . : Temperature coefficient on Isc %/K 0.033
collection problems are negligible and the photons with an
energy above the band-gap energy are absorbed from the
corresponding sub-cell (McEvoy et al., 2012). However, 33 HIT

in actual practice, several problems exist, for example the
amorphous top sub-cell suffers from light-induced degrada-
tion (Staebler—Wronski effect) and therefore has to be kept
as thin as possible, which means that it is not able to
absorb enough light (Meier et al., 2002). Furthermore, a
tandem cell is subject to current mismatch between the dif-
ferent sub-cells, with a reduction in the module perfor-
mance (Krishnan et al., 2009). The a-Si/uc-Si modules
analyzed are characterized by the parameters summarized
in Table 4.

Inverter efficiency
110%

100%
90% | A A
80%

70%
60%
50%
40%
30%
20%
10%

9

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Power output

Experimental value

A A A A h

Efficiency

A Manufacturer's value

Fig. 1. Micro-inverter efficiency curve.

The HIT cell, similarly to the tandem cell, combines
crystalline and amorphous silicon technology to produce
a highly efficient PV module. More in detail, an intrinsic
a-Si layer, a doped a-Si layer and a TCO layer are depos-
ited on both sides of a crystalline silicon substrate. The
entire manufacturing process requires temperatures lower
than 200 °C, which allows to preserve the initial high-level
quality of the crystalline silicon substrate.

The sandwich obtained allows to use a wide spectrum of
solar radiation, in the range of 350-1100 nm, with conver-
sion efficiencies of the cell up to 22.5% (Taguchi et al.,
2014; Tsunomura et al., 2009) and temperature coefficients
on power in the order of 0.25-0.3%/K.

The modules analyzed are characterized by the parame-
ters summarized in Table 5.

4. Seasonal performance assessment

As previously mentioned, the modules tested were mon-
itored for one year, from January 1, 2013, to December 31,
2013, with an interruption due to a malfunction on the first
14 days of February.

The first step of the analysis is focused on the evaluation
of the modules performance in relation to the seasonal var-
iation. The investigation aims at establishing a correlation
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Fig. 2. Schematic of the PV test facility.

between performance and climatic conditions. The experi-
mental results are discussed in the following section.

4.1. Preconditioning of the modules

As is well known, amorphous silicon cells undergo a
remarkable degradation process when the PV module is
initially exposed to light (Light Induced Degradation —
LID) (Kenny et al., 2014). The magnitude of this degrada-
tion is related to several factors, such as the a-Si layer
thickness and the number of junctions, that may account
for an initial power reduction between 15% and 35%
(Fanni et al., 2011).

The published experimental research showed that the
amount of energy needed to consider the amorphous sili-
con modules as stabilized must be higher than 400-
500 kW h/m? (Kenny et al., 2014). For such reason, in this
work before starting the monitoring phase all the products
monitored were exposed, as a precaution, to outdoor

conditions for a period of 12 months, corresponding to
an irradiation of about 1400 kW h/m?.

The performance analyses were therefore carried out
considering the stabilized power of the monitored PV
modules.

4.2. Performance ratio calculation

The PV technologies were analyzed and compared in
terms of performance ratio (PR) on energy, normalized
for the inverter efficiency. The PR index measures the devi-
ation between the actual performance of a PV system and
that theoretically achievable under standard test conditions
(STC) and it may be defined as:

E X Iy
HxP

PR = (1)

where E (W h) is the output energy generated by the mod-
ule in the selected time period, I, is the solar irradiance

Table 4 Table 5

Main features of the a-Si/pc-Si modules tested. Main features of the HIT modules tested.

Characteristic u.m Value Characteristic u.m Value
Area m? 1.42 Area m? 1.38
Prupp (STC) w 128 Prypp (STC) W 250
Vinpp (STC) \Y 454 Vinpp (STC) Vv 349
Inpp (STC) A 2.82 Inpp (STC) A 7.18
Voe (STC) \% 59.8 Voo (STC) v 43.1
I (STC) A 3.45 I (STC) A 7.74
NOCT °C 44 NOCT °C 46
Temperature coefficient on power %/K —0.24 Temperature coefficient on power Y%/K —0.3
Temperature coefficient on Voc %/K —0.30 Temperature coefficient on Vo %/K -0.25
Temperature coefficient on Isc %/K 0.07 Temperature coefficient on Isc %/K 0.03
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Fig. 3. Daily performance ratio over the monitoring year.

under standard test conditions, H is the solar irradiation on
the module plane in the selected time (W h/m?) and P (W)
is the nominal power of the module measured under stan-
dard test conditions.

Fig. 3 shows the average daily performance ratio of the
three PV technologies tested over the monitoring period.

While the PR of the modules made of c-Si and HIT cells
undergoes small fluctuations over the year, with an average
annual value of 93% and 96%, respectively, the annual perfor
mance of the tandem a-Si/pc-Si technology is slightly lower,
quantifiable at a PR of 91%, and a pronounced seasonal var-
iation of the chosen performance parameter was observed.
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Fig. 4. Average monthly PR, ambient temperature and air mass over the
monitoring year (January—December 2013).

In order to perform a more in-depth study of the sea-
sonal variation of each technology monitored, in next sec-
tions of the work an assessment of the performance ratio
related to the climatic conditions was carried out.

4.3. Influence of climatic parameters on energy performance

In order to evaluate the influence of the environmental
parameters on the energy performance, three key climatic
variables were chosen:

1. Average daily ambient temperature.
2. Daily solar irradiation.
3. Average daily Air Mass (AM).

The first two parameters directly affect the operating
temperature of the PV module, according to well-known
correlations (Kurnik et al., 2011). It is important to note
that, although the wind speed modifies the operating tem-
perature of the PV modules, in the climatic context ana-
lyzed such influence factor can be considered negligible.

The Air Mass, instead, is commonly used, in the absence
of experimental spectral measurements on solar radiation, as
an indicator of the spectral quality of the radiation, although
it is not able to predict the spectral variation due to the
amount of atmospheric vapor, turbidity or particle pollution
(Hisdal, 1987). The AM obtained through geometrical con-
siderations is related to the length of the path of the light
through the earth’s atmosphere and therefore to a solar spec-
trum that varies with the height of the sun in the sky. In
detail, at low AM values the solar spectrum tends towards
the blue wavelength and for higher values of AM the solar
spectrum turns to the red band. The performance of different
PV modules is related to the variation of AM according to
the quantum efficiency of each technology.

The average monthly trends of temperature, irradiation
and air mass over the monitoring year and the related PR
are shown in Fig. 4.



Fig. 5. Fish eye views of clear and overcast sky conditions.

As expected, the PR of the c-Si module decreases when
the ambient temperature and the daily irradiation increase;
for example, in July, when temperature and irradiation
reach their maximum values, the performance ratio of the
¢-Si technologies reach the minimum average daily value,
equal to approximately 90%. On the contrary, PV modules
with an amorphous silicon layer (a-Si/pc-Si and HIT) are
characterized by low temperature coefficients on power
and thus are affected only slightly by the increase of the
operating temperature in the hot season.

In addition, the micromorphous silicon module, when
subject to high temperatures, is able to recover some of
the efficiency initially lost due to Light Induced Degrada-
tion, achieving during the warmer months a performance
higher than the other technologies tested.
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In detail, the average monthly performance ratio of tan-
dem technology, during July and August, reaches a peak of
97%.

It is important to note that the thermal effect, known as
thermal annealing, does not cease when the temperature
decreases, but has an hysteresis of about 30 days.

In addition, as is well known and as previously intro-
duced, the spectral composition of the incident solar radi-
ation has a great influence on the seasonal variation of
the PR, with particular reference to the products with a
layer of amorphous silicon (Virtuani and Fanni, 2014;
Gottschalg et al., 2003). Amorphous silicon, in fact, has a
narrow spectral response (250-800 nm) and thus is more
sensible to the blue components of the spectrum, in com-
parison with the spectrum response of c-Si (350-1200 nm).
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Fig. 6. Hourly PR and climatic data of clear and overcast days in winter (December 2013).
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Fig. 8. Hourly PR and climatic data of clear and overcast days in summer (August 2013).

The experimental results confirm that in summer,
because the path of the solar radiation passing through
the atmosphere is, on average, shorter than in winter, the
blue component of sunlight becomes larger and thus the
tandem technologies achieves a higher performance value.
On this point it is important to note that the thermal
annealing and the spectral effect overlap over the year
and therefore it is quite difficult to clearly distinguish the
influence of the two phenomena, due to their similar time
phases and partly competitive behavior.

4.4. Daily temperature and spectral influence

To better understand the spectral and thermal effects
that affect the final performance of the PV modules mon-
itored, a detailed analysis was carried out on some sample
days. The daily analysis is useful, because the incident
spectrum can shift significantly toward the red or the
blue, both in the course of the day and seasonally
(Cornaro and Andreotti, 2013; Nann and Riordan,
1991; Hansen, 1984).



In this sense, in the following figures a PV performance
evaluation in clear and overcast sky conditions was
reported in three different seasonal period, in December
(winter conditions), in March (mid-season) and in August
(summer conditions), respectively. The chosen couples of
days are selected according to a visual analysis provided
by a fish-eye camera installed in the facility. In Fig. 5, sam-
ples of clear and overcast sky conditions are shown.

The following charts show and describe the hourly PR
of the three technologies analyzed and the climatic param-
eters previously introduced.

On the analyzed winter and mid-season days of clear sky
conditions, shown in Figs. 6 and 7, characterized by an
high air mass value and thus by a solar spectrum focused
on red, the PR of the tandem module is quite low, with a
difference of 10 percentage points compared to the other
two technologies considered.

On cloudy days, however, the performance ratio of the
tandem module increases during the central hours of the
day: it is well known that a thick clouds cover acts as a fil-
ter for IR light and shifts the spectrum towards the blue
(Green, 1982).

Clear sky condition
120%

During the clear summer days analyzed, shown in
Fig. 8, characterized by high solar irradiance, high ambient
temperature values and relatively low AM, the PR of the
tandem module achieves better results than that of the c-
Si and HIT modules, due to a combination of spectral
effect, thermal annealing and low temperature coefficient.
In particular, while the performances of the c-Si and HIT
modules decrease as a function of the temperature, the
PV module made of tandem cells maintains the PR almost
constant over the day, with peak values equal to approxi-
mately 100%.

Under overcast conditions, the three PV technologies
have almost the same trend, with slightly higher perfor-
mance values for the tandem module.

It should be noted that, under overcast conditions, espe-
cially in winter, the PV tandem output was very low, and
therefore the inverter operated under low input conditions.
At low DC input, the inverter did not begin to convert
energy, since its threshold energy level was not being met.
Nevertheless, the energy lost for such reason during the
first and last hours of the day can be considered negligible,
it being less than 1%.
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Fig. 9. Hourly parameters variation and climatic data of clear day in summer (July 2014).



Despite PR is one of the main parameters to compare dif-
ferent technologies in real operating conditions, it is also
interesting to study in detail the features that contribute to
performance definition, such as voltage and current at max-
imum power point. In fact, as well known, voltage is strongly
affected by cells’ temperature, while current is mainly related
to solar irradiation level. In this sense, the variation of such
parameters on a clear sky day in July 2014, that is after
6 months from the end of the monitor campaign, was ana-
lyzed and the results are reported in Fig. 9.

As shown, despite the efficiency of the a-Si/pc-Si module
is considerably lower compared to the efficiency of ¢-Si and
HIT technologies, in summer period the PR of tandem
module achieves higher values than the other analyzed
PV modules.

It is interesting to note that, after one year of exposure
in actual operating conditions, the performances of the
tested modules are substantially equal to those recorded
during 2013 in the same period (the difference in daily
PR is below 1%).

5. Conclusions

The experimental work presented in this paper provides
interesting data, which can be used to assess the perfor-
mance differences between the three analyzed photovoltaic
technologies in operating conditions. The performance ratio
parameter was chosen in order to compare the PV
modules.

The seasonal analysis provides the performance trend
over the year: while the performance of the ¢-Si and HIT
modules is rather stable and predictable, the module with
an a-Si layer presents widely variable seasonal perfor-
mance. For this reason, the paper focused on the module
with micromorph a-Si/pc-Si silicon cells. In detail, the tan-
dem silicon, sensible to blue light wavelength, is strongly
affected by the seasonal solar spectrum, which becomes
more red-rich or blue-rich in winter or in summer, respec-
tively, with a corresponding average monthly PR value of
80% in January and 97% in August. However, the amount
of radiation available during winter is much lower than in
summer; for this reason, the average annual PR of the three
technologies is quite similar, with a maximum value for
HIT technology (96%), and lower values for the c-Si
(93%) and a-Si/uc-Si modules (91%).

In addition to the spectral effects, thermal influence was
analyzed: in warmer months micromorphous a-Si/pc-Si sil-
icon cells, in fact, achieve a performance higher than the
other technologies tested, due to a low temperature coeffi-
cient and thermal annealing.

Finally, it was noted that under overcast sky conditions
the tandem module increases the performance ratio with an
amplitude corresponding to 10% in the spring season.

The observation developed in this paper can be used for
the selection of the most suitable PV technology, depend-
ing on the climatic conditions.
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