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The field performance of three different crystalline silicon photovoltaic (PV) module technologies
in Pingshan, China (BSk climate based on the Koppen-Geiger climate classification) is analyzed and
compared, including p-type multicrytalline silicon (multi-Si), p-type monocrystalline silicon (mono-Si)
and n-type mono-Si modules. Both p-type multi-Si and mono-Si solar cells are of the conventional type
with back-surface field, whereas the n-type device is of the heterojunction (HET) type. From January
2017 to December 2018, the n-type HET modules showed the best field performance (in terms of
kWh/kWp) with an average daily energy yield of 3.9 kWh/kWp. The p-type multi-Si and mono-Si
modules performed similarly with an average daily energy yield of 3.7 kWh/kWp (marginally better
for multi-Si modules). On-site measurements also showed that the location has a ‘blue-rich’ and ‘red-
rich’ spectrum in the summer and winter, respectively. In general, the spectral effect is positive in
the summer, and negative in the winter, for all three investigated c-Si PV technologies. Besides, the
spectral effect slightly favors the HET technology in the summer, but the opposite is true for mono-Si

and multi-Si devices in the winter.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The worldwide photovoltaic (PV) deployment is growing
rapidly, with nearly 100 GW of PV capacity installed in 2017
(SNAPSHOT, 2018). While several emerging PV concepts (e.g., per-
ovskite solar cells) are attracting huge interest in academia,
crystalline silicon (c-Si) wafer-based PV technologies dominated
the market with over 90% share in 2017; more specifically, mul-
ticrystalline and monocrystalline silicon (multi-Si and mono-Si)
modules accounted for 60% and 32% of PV production, respec-
tively (Photovoltaics, 2018). In general, multi-Si wafers are rela-
tively cheaper than their mono-Si counterparts, but PV conver-
sion efficiency is slightly compromised due to additional crystal
defects and metal contaminations.

With the rapid growth of PV deployment, it is important to un-
derstand their performance under real-world field conditions. PV
modules are rated under standard testing conditions with an irra-
diance of 1000 W/m?, the solar spectrum of AM1.5G, and temper-
ature of 25 °C. However, these conditions are rarely encountered
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in the real world. Therefore, STC ratings might not necessarily
be representative of the field performance. PV modules’ energy
production is influenced by various factors in real-world applica-
tions (Sharma and Goel, 2017; Shiva Kumar and Sudhakar, 2015;
Sharma and Chandel, 2013). For example, the operating cell tem-
perature is significantly higher than the ambient temperature due
to the heating from solar irradiation, and thus the power output
is reduced (Dubey et al., 2013). In addition, the solar intensity and
spectrum are also constantly changing outdoors, resulting in a
discrepancy between the projected (based on STC ratings) and the
actual power generation (Polo et al.,, 2017; Alonso-Abella et al,,
2014). Other factors such as soiling (Massi Pavan et al., 2011),
angle of incidence (Mialhe et al., 1991) and snowing further
compromise PV modules’ performance (Andenés et al., 2018).
Hence, it is important to investigate the field performance of PV
modules for all stakeholders in the PV value chain, considering
that hundreds of billions of dollars are being invested every year.
In this study, the real-world field performance of three differ-
ent ¢-Si PV module technologies in Pingshan, China (BSk climate
based on the Képpen-Geiger climate classification) is evaluated
and compared, including p-type multi-Si, p-type mono-Si and n-
type mono-Si PV modules. Both p-type multi-Si and mono-Si solar
cells are of the conventional type with back-surface field (BSF),
whereas the n-type device is of the heterojunction (HET) type.

2352-4847/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Table 1

Specifications of three types of c-Si PV modules deployed in the testbed, based
on the manufacturer’s datasheet. All module types have 60 full-size solar cells
and are mono-facial modules with a glass/backsheet structure.

Module Power Short-circuit  Open-circuit ~Module power temperature
type (W) current (A) voltage (V) coefficient (%/°C)

Multi-Si 255 8.9 375 —0.41

Mono-Si 265 9.2 38.2 —0.41

HET 280 8.7 42.8 —0.29

2. Testbed set-up

The testbed is located at Pingshan, China (38.3°N, 114.0°E) on
the back of a hill (see Fig. 1), consisting of multiple PV systems
(rack-mounted). Details of the climatic conditions of the test
site can be found at Available (0000) (BSk climate based on
the Koppen-Geiger climate classification). In this study, three PV
systems with similar tilt angles (~36°) and orientation (facing
south) are analyzed. They are constructed with three different
types of c-Si PV modules, i.e., p-type multi-Si BSF, p-type mono-Si
BSF and n-type mono-Si HET modules. The specifications of these
modules are summarized in Table 1. For all three PV systems,
22 modules (of the same type) are serially connected in a string;
multiple strings are then combined and connected to an inverter,
which feeds electricity into the grid. These systems have been
monitored since January 2017. Production data, module temper-
ature (measured on rear module surfaces) and spectral irradiance
(MS-710 from EKO Instruments) are recorded.

3. Results and discussion

3.1. Comparison of multi-Si, mono-Si and HET modules’ field perfor-
mance

Fig. 2 shows the comparison of the daily energy yield of
the multi-Si, mono-Si and HET modules from January 2017 to
December 2018. It is observed that the HET modules outper-
formed the multi-Si and mono-Si modules throughout the year
(by about 6% on average), with an average daily energy yield of
3.9 kWh/kWp. The superior field performance of the HET modules
may be attributed to several factors, such as a lower module
power temperature coefficient (see Table 1) and the spectral
effect. For example, Fig. 3 demonstrates the temperature effect
on PV modules’ performance loss in the field. For conventional
multi-Si and mono-Si modules, the module output is reduced
by up to nearly 14% in the middle of a summer day because of
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Fig. 2. The daily energy yield of three investigated PV module types from
January 2017 to December 2018.

the heat; however, the reduction is significantly lower (<10%)
for HET modules. The higher energy yield from HET technologies
compensates for their higher initial cost. Therefore, it is expected
that n-type HET technologies will become more competitive and
gain more market share in the future. In addition, the multi-Si
and mono-Si modules exhibited similar performance (marginally
better for multi-Si modules) with an average daily energy yield of
3.7 kWh/ kWp. The percentage difference of module energy yield
(kWh/kWp) in different periods of the year is also summarized in
Table 2, using the multi-Si modules as the reference.

3.2. Effect of the solar spectral distribution

The effect of the solar spectral distribution on the field per-
formance of these three types of c-Si PV modules is also inves-
tigated. Fig. 4 shows the solar spectral distribution measured at
the testbed on a clear day (around noon time) in the summer
and winter, respectively. The AM 1.5 spectrum is also shown as
a reference. The average photon energy (i.e., APE) from 350 to
1050 nm is calculated using Eq. (1) (Norton et al., 2015). On a
clear day in the summer, the APE value (i.e., 1.89 eV) is slightly
higher than that of the AM1.5 standard solar spectrum (i.e., 1.88
eV); hence, it is ‘blue-rich’. To the contrary, the solar spectrum in
the winter is ‘red-rich’ (< 1.88 eV). This can also be concluded
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Table 2

The percentage difference of module energy yield (kWh/kWp) in difference periods of the year from January 2017
to December 2018, using the multi-Si modules as the reference.

Module type 2017 Q1 2017 Q2 2017 Q3 2017 Q4 2018 Q1 2018 Q2 2018 Q3 2018 Q4
Mono-Si —2.0% —1.6% —1.2% —0.5% —1.3% —1.3% —1.0% —0.7%
HET 7.5% 5.0% 8.1% 4.8% 5.7% 6.5% 6.0%
= Module Temperature 1800 T 1
v Multi-Si & Mono-Si | | 5, n EEm APE_July
60 * HET 1600 - : W APE_January
]
1
20 1
G 50 4 1400 i
g &
3 404 rles 1200 1
o 3
Q o
2 o F12 o g 1000 4
5] 2 ]
bord =
B 2 g
3 20+ g 2 800+
<]
=
600 -
10 -4
400 -
0 T T T T T T 0
06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00

Time

Fig. 3. The effect of operating temperature on PV modules’ output. Left y-axis
shows the module temperature, and the right y-axis shows the power loss due
to temperature effect. The module temperature (plotted in red) is measured
on a multi-Si module (on a clear day in summer), and it is assumed that all
three module types operate at the same temperature. The power loss (relative to
25 °C) calculated, using the module power temperature coefficient from Table 1.
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Fig. 4. Solar spectrum measured on a clear day in the summer and winter (at
Pingshan, China), respectively. The corresponding APE values are also shown.

from the distribution of the APE values. As shown in Fig. 5, the
median of the APE values of July 2017 is larger than 1.88 eV
(indicated by the black dash line), whereas the median of the APE
values of January 2017 is well below 1.88 eV.

f;f E(A)d) 1
q [ (dn W

where E is the spectral irradiance; A is the wavelength; q is the
elementary charge; and ¢ is the photon flux density.

The external quantum efficiency (EQE) of these three c-Si PV
technologies is also measured. As shown in Fig. 6, the mono-
Si and multi-Si modules show higher EQE response than the
HET device in the blue spectral region. On the other hand, for

__ Integrated irradiance
" Total photon number

200

1.70 1.75 1.80 1.85 1.90 1.95 2.00 2.05 2.10
APE (eV)

Fig. 5. Distribution of the APE values in January 2017 (orange) and July 2017
(blue) at Pingshan, China. The black dash line represents APE = 1.88 eV, where
the orange and blue dash lines represent the median of the APE distribution in
January 2017 and July 2017, respectively . (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Table 3
Spectral factors for the c-Si PV modules based on the solar spectrum measured
on a clear day (around noon time) in the summer and winter at Pingshan, China.

HET Mono-Si Multi-Si
Summer 1.015 1.012 1.011
Winter 0.988 0.990 0.991

wavelengths over 850 nm, the HET module is more effective in
converting photons to electrons than the mono-Si and multi-Si
devices. The spectral factor (SF) is then calculated for a typical
day in the summer and winter to quantify the spectral effect,
using Eq. (2) (Polo et al., 2017; Alonso-Abella et al., 2014; Pérez-
Lopez et al., 2007). SF values are often used as an estimation
of the relative energetic gain or loss due to the actual spectral
differences from the standard conditions for PV devices with
values higher than 1 meaning spectral gain and vice versa. The
results are shown in Table 3. In general, the spectral effect is
positive (about 1% gain) in the summer, and negative (about 1%
loss) in the winter, for all three investigated c-Si PV technologies.
Furthermore, the spectral effect is slightly in favor of the HET
technology in the summer, but the opposite is true for mono-Si
and multi-Si devices in the winter.

32 Eansc 00 RO [[2 EQOD.
S22 EQOSRONAA f;2 Eawr so(A)dn

where Eawv.sc is the spectral irradiance of the AM1.5G spectrum
and SR is the spectral response of the PV devices.

(2)

4. Conclusion

In this study, the real-world field performance of three differ-
ent c-Si PV module technologies in Pingshan, China was studied
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Fig. 6. External quantum efficiency of the three investigated c-Si PV technologies
(measured with IVT Solar, PVE-300). Note the bill of materials for the fielded
modules and the EQE samples are different, as the purpose is to demonstrate
the relative significance of the spectral effect.

and analyzed, including p-type multi-Si BSF, p-type mono-Si BSF
and n-type mono-Si HET modules, from January 2017 to Decem-
ber 2018. The HET modules outperformed (in terms of kWh/kWp)
the multi-Si and mono-Si modules throughout the year (by about
6% on average). The multi-Si and mono-Si modules performed
similarly outdoors with an average daily energy yield of 3.7
kWh/kWp (marginally better for multi-Si modules). One key rea-
son for the superior field performance from HET modules is their
lower power temperature coefficient, compared to conventional
multi-Si and mono-Si modules. In addition, on-site measurements
also showed that the location has a ‘blue-rich’ and ‘red-rich’
spectrum in the summer and winter, respectively. In general, the
spectral effect is positive in the summer, and negative in the
winter, for all three investigated c-Si PV technologies. Besides, the

spectral effect slightly favors the HET technology in the summer,
but the opposite is true for mono-Si and multi-Si devices in the
winter.
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