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photovoltaic module technologies
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Abstract: This research presents, discusses and compares the reliability of the
performance characteristics of six different p-n junction photovoltaic module tech-
nologies under varying operating conditions. The six module technologies are:
CuInSe2 (CIS), a-Si:H, a-Si:H/a-SiGe:H/a-SiGe:H (a-SiGe:H), edge-defined film-fed
growth silicon (EFG-Si), multi-crystalline silicon (mc-Si) and single crystalline silicon
(c-Si). A simple but accurate method is then used to determine the modules’
qualities. The effect of temperature on module performance is then investigated
and results compared. Here it was found that the lower quality thin-film technolo-
gies are not as temperature dependent as their crystalline counterparts. The influ-
ence of irradiance on module performance was also measured and compared for
the different technologies. The a-Si:H technology was found to be at least 16% more
efficient than the other module technologies at 169 W/m2. Under actual outdoor
operating conditions, however, the reliability of the STC measurements is no longer
useful. CIS performs relatively better at high air-mass values, corresponding to
times when the sun is lower in the sky, that is, red sunsets. Under these outdoor
conditions, irradiance, temperature and spectral changes affect module perfor-
mance and this research successfully motivates the importance of considering all
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PUBLIC INTEREST STATEMENT
When the sun travels across the sky from sun-
rise, noon and to sunset, the content of the light
is preferentially scattered by various gases and
particles in the atmosphere. The result is blue
skies since blue light (lower wavelength) is scat-
tered more and red sunsets, the time of day
when only longer wavelengths (red light) is
reaching the observer. Just like the human eye,
solar cells and module comprising materials of
different energy bandgap respond differently to
different times of day when the spectrum or
content of light is different. This study shows that
the spectral effect on the performance of PV
modules cannot be ignored when comparing
different technologies. In fact, some technolo-
gies like CuInSe2 and c-Si technologies become
more efficient toward sunset as compared to
their performance around noon. The fundamen-
tal truth portrayed by this study is that STC
measurement alone cannot reliably give
a comparison of the performance of different
module technologies.
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three factors to be of equal importance when analysing the reliability of outdoor
performance parameters of photovoltaic modules.

Subjects: Semiconductors; Nondestructive Testing; Renewable Energy; Solar energy

Keywords: photovoltaic modules; reliability of performance parameters; spectral response;
irradiance effect; thin film and temperature effect

1. Introduction
Solar cells, like the human eye, respond differently to different colours of light or more precisely to
the content of sunlight. With the advent of new technologies like single or tandem junction solar
cells, it is imperative to understand how cells modules perform under varying sets of operating
conditions. Therefore, the notion that a single measurement at a single set operating conditions
(like standard test conditions-STC) is sufficient to classify and compare modules is fallacious. This is
then also the motivation behind this research, where the reliability of the performance parameters
of various p-n junction photovoltaic (PV) modules were evaluated. In particular, the effect of
temperature, irradiance and spectral distribution on module performance was investigated. This
paper shows that the shift in wavelength as the sun traverse from blue skies to red sunset, has
a significant impact on the performance of different technologies that may not be evident from the
measurement at STC.

Standard test conditions (STC: 1000 W/m2 irradiance, 25°C cell temperature and AM 1.5 global
spectrum) were adopted for the purpose of comparing photovoltaic (PV) cells and modules under
specific reference conditions. The irradiance represents peak sunlight and the 25°C cell tempera-
ture is representative of room temperature in most laboratories. The air mass (AM 1.5) is the ratio
of the atmospheric mass in the actual observer-sun path to the mass that would exist if the
observer were at sea level, at standard barometric pressure with the sun directly overhead. If,
however, PV cells and modules are operating outdoors, meteorological conditions are usually far
from STC. Under these outdoor conditions, STC module characteristics are no longer a reliable
performance indicator. The three factors influencing module characteristics the most are tem-
perature, irradiance and spectral changes. Knowledge of the influence of these factors on module
performance is therefore essential, especially for system designers and consumers, to determine
module suitability.

This research outlines the methodology for measuring the indoor performance under STC to
establish a baseline. From varying the light intensity, a Isc—Vcc method (Meyer, 2017) was used to
determine the quality of modules through ideality factor n, and dark saturation current Io.
Changing the operating temperature under indoor conditions, the temperatrure dependence of
Isc, Voc and Pmax were determined. Then efficiency at various irradiance levels was determined.
These test modules were then placed outdoor where the performances were measured under
varying spectral distributions. The results show that measurements at STC alone may yield
inaccurate comparison results since the effect of varying spectrum cannot be neglected when
comparing PV modules.

In this research, the quality of the modules is established using light current-voltage (I-V)
measurements, and measuring short-circuit current and open-circuit voltage (Isc-Voc) under var-
ious irradiance levels. From both methods it was found that the EFG-Si module is the most efficient
(11.3%) and has the best quality cells (n = 1.07). Temperature dependence measurements
revealed that the high quality crystalline modules are more sensitive to temperature variations.
Irradiance measurements under reduced light in the solar simulator showed that at 169 W/m2, the
a-Si:H is 16% more efficient than the other modules. But under actual operating conditions, the CIS
performs relatively better at high air mass values, i.e, when the sun is lower in the sky. Comparison
of performance on the same day at solar noon and close to sunset revealed that the efficiency of
the CIS and crystalline modules increased towards sunset.
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2. Methodology
Photovoltaic (PV) modules used in this study comprise different technologies including thin-
film polycrystalline, thin-film amorphous and crystalline materials. Of the nine modules used
in this study, results obtained from six representing the different technologies, will be
presented and discussed. An assessment procedure (Meyer & Van Dyk, 2004) was used
to assess module performance and obtain performance parameters. The assessment proce-
dure includes amongst others, comprehensive visual inspection, quantitative quality mea-
surements, temperature measurements, effect of irradiance determination and outdoor
performance measurements. The modules were initially subjected to the assessment proce-
dure. These results were then used as a baseline for subsequent future measurements.
Results obtained in the study indicate that all thin-film modules degraded over the test
period. It was, however, found that some of the degradation modes might have been caused
by the assessment procedure (Meyer & Van Dyk, 2004). For the sake of fairness, this research
therefore mainly deals with comparison of results obtained from the initial indoor assess-
ment, prior to outdoor deployment. Results obtained from measurements taken while the
modules were deployed outdoors are also presented and compared. Actual performance,
degradation and analysis thereof for CIS and a-Si modules are discussed elsewhere (Adrada
Guerra, Amador Guerra, Orfao Tabernero, & de la Cruz García, 2017; Carr & Pryor, 2004;
Del Cueto, Rummel, Kroposki, Osterwald, & Anderberg, 2008; Meyer, 2017; Vázquez & Rey-
Stolle, 2008).

3. Indoor performance characteristics
Standard test conditions provide an excellent means of comparing the performance parameters of
PV modules. Figure 1 shows the I-V characteristics of the six modules representing the different
technologies.

The I-V characteristics were measured initially before outdoor deployment with a xenon-pulsed
solar simulator at STC.

Evident from the figure is the fact that the modules have different ratings and characteristics.

Table 1 lists the different module technologies, the manufacturer’s rated power and parameters
obtained from the I-V characteristics in Figure 1. Parameters obtained include maximum power

Figure 1. I-V characteristics of
the different PV modules mea-
sured at STC before outdoor
deployment.
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(Pmax), short-circuit current (Isc), open-circuit voltage (Voc), series resistance (Rs), fill factor (FF) and
aperture area efficiency (η).

From the Table it is evident that the c-Si module has the highest Pmax, which is also close to its
rated power. Also, although it has the lowest Rs it does not have the highest FF or η. The EFG-Si, on
the other hand, with the highest conversion efficiency, does not have the highest FF. This is
attributed to the cracked cell in the EFG-Si module that was observed in the initial visual inspection
(Meyer & Van Dyk, 2004). The mc-Si module has the highest FF. The relatively lower FF of the thin-
film modules (CIS, a-Si:H and a-SiGe:H) is attributed to the higher Voc and Rs values. Comparing Isc
of the thin-film modules, the higher Isc of the a-SiGe:H module is attributed to a larger cell area
and the fact that it employs triple-junction technology, where the different junctions absorb
different parts of the AM 1.5 global spectrum. Considering the conversion efficiencies, it is clear
that the EFG-Si module is the best, while the a-Si:H module is the worst.

Figure 2 shows the normalized I-V characteristics of the six modules. These normalized
I-V characteristics enable direct comparison of the different module technologies.

It is clear from the figure that the thin-film module qualities are inferior to that of the crystalline
modules. As opposed to the values listed in Table 1, Figure 2 suggests that the mc-Si should have
the best efficiency. Considering, however, that the cracked cell in the EFG-Si module lowers the
current in the top part of the I-V characteristic, it is clear why the EFG-Si module is not portrayed

Figure 2. Normalized
I-V characteristics of the six
module technologies used.

Table 1. Module technology, rated power and parameters obtained from the
I-V characteristics in Figure 1

Module Pmax

Rated (W)
Pmax @
STC (W)

Isc (A) Voc (V) Rs (Ω) FF (%) η(%)

CIS 10.0 10.76 0.65 25.26 5.99 65 9.19

a-Si:H 14.0 12.98 1.15 24.47 9.76 46 4.41

a-SiGe:H 32.0 34.72 2.30 23.94 1.94 63 7.69

EFG-Si 32.0 31.64 2.14 20.98 1.60 70 11.3

mc-Si 30.0 30.62 2.01 20.94 1.54 73 11.0

c-Si 65.0 64.45 4.49 20.45 0.70 70 10.7
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here as the best module. A further investigation of the quality of the module cells has been
conducted and is discussed in the next section.

3.1. Module quality
A method employing Isc and Voc measurements (Meyer, 2017) was used to determine the quality
of each module and its constituent cells. For a solar cell or module, the current-voltage character-
istics are governed by:

I ¼ Iph � I01 e
q V�IRsð Þ

kT � 1
� �

� I02 e
q V�IRsð Þ

nkT � 1
� �

� V � IRs
Rsh

(1)

where: Iph is the photogenerated current, Rs is the cell’s series resistance and Rsh the shunt
resistance.

Now, assuming no ideal recombination, the term containing the saturation current I01, in
Equation (1) can be neglected. Assuming also that I0 ≪ Isc ~Iph and Rsh ≫ Voc/Isc, Voc (I = 0) can
be expressed as:

Voc ¼ nkT
q

ln Isc � ln I0ð Þ (2)

where: I0 = saturation current corresponding to generation and recombination of electrons and
holes in the space-charge-region (SCR), i.e., non-ideal recombination;

n = ideality factor > 1;

Figure 3 shows Voc as a function of Isc for the six module technologies. A plot of Voc against lnIsc
from Equation (2) is usually linear and yields values for the ideality factor (n) and reverse satura-
tion current (I0) (Meyer, 2017). If the plot is sub-linear, the assumptions for Equation (2) are not
true and the module is expected to have cells with low shunt resistances.

Different values for Voc and Isc were obtained by measuring I-V characteristics at various
irradiance levels inside the solar simulator. Module temperatures were maintained at 25°C. All
measurements presented here were taken before outdoor deployment.

Figure 3. Voc vs. Isc yielding
ideality factor and reverse
saturation current of the var-
ious module technologies.
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Table 2 lists the parameters (n and I0) obtained from the logarithmic fits to the data in Figure 3
for the single junction modules only. The closer n is to unity, the better the quality of the module
cells. Also, n > 1 implies that apart from ideal recombination in the quasi-neutral p- and n-regions,
non-ideal recombination also takes place in the Space Charge Region of the p-n junction (Calzolari
& Graffi, 1972; Zhukov, 2016).

From Table 2 it is evident that the EFG-Si module has the best quality cells as suggested by Table
1. The relatively higher n for the thin-film modules reveals that their cell quality is lower than the
crystalline cells. It also implies that non-ideal recombination takes place especially for the a-Si:H
module with n close to 2. The high I0 of the CIS module is due to the fact that the CIS module
showed shunting behaviour and the method of determining n and I0 is therefore inaccurate for this
module. In general, the lower quality of the thin-film modules is mainly due to less stringent
manufacturing processes used in an attempt to reduce manufacturing costs.

Equation (1) was derived from the equation governing the I-V characteristics of conventional
p-n junctions. This equation is different for the triple junction a-SiGe:H module. If, however, the
equation for the single junction modules is applied to the a-SiGe:H module, n is found to be
1.44 per junction and I0 is equal to 6.87 nA.

3.2. Temperature dependence
Elevated temperatures influence the performance of PV modules operating outdoors. A primary
concern to system designers is the loss of performance due to increasing temperatures. In this
section, the temperature coefficients of Isc, Voc and Pmax are determined for the various module
technologies. Heating the modules to a predetermined temperature, then placing them in the solar
simulator and measuring I-V characteristics as the modules cool down uniformly inside the
simulator allowed determination of all coefficients.

3.2.1. Short-circuit current
Figure 4 shows the temperature dependence of Isc for the various technologies and Table 3 lists
the corresponding temperature coefficient (α) in mA/°C. The percentage change per unit tempera-
ture (%/°C) was calculated with respect to Isc measured at STC (25°C).

From Figure 4 and Table 3, it is evident that Isc of all modules increases slightly with increase in
temperature. This increase is due to the fact that the material bandgap, Eg, decreases with increase in
temperature allowing lower energy photons to generate e-h pairs. Also, as temperature increases, the
thermal velocity of charge carriers increases and effectively reduces the recombination probability of
minority carriers (Dubey, Sarvaiya, & Seshadri, 2013; Mazer, 1997; Perraki & Tsolkas, 2013). The average
temperature dependence of Isc is in excellent agreement with the theoretical value of 0.06%/°C for Si
(Singh & Ravindra, 2012). α for a-SiGe:H is also lower than that of a-Si:H. Isc of the CISmodule is the least
dependent on temperature.

3.2.2. Open-circuit voltage
The main effect of increasing temperature is the reduction of voltage with increasing temperature.
Figure 5 shows Voc of the six module technologies as a function of temperature. The gradients of
the best-fit lines shown in the figure yield the temperature coefficient for Voc (β). These coefficients
are listed in Table 4.

Table 2. Parameters (n and I0) obtained for the various module technologies from Voc-Isc
measurements. Data shown here are for the single junction technologies only

Module CIS a-Si:H EFG-Si mc-Si c-Si

n 1.38 1.71 1.07 1.15 1.19

I0(nA 486 5.47 1.28 5.82 40.7
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Table 3. Temperature coefficients (α) of Isc corresponding to the curves in Figure 4

Module CIS a-Si:H a-SiGe:H EFG-Si mc-Si c-Si
α(mA/°C) 0.06 2.70 1.20 1.70 0.90 2.10

α(%/°C) 0.01 0.23 0.05 0.08 0.04 0.05

Figure 4. Temperature depen-
dence of Isc for the different
module technologies.

Figure 5. Voc as a function of
temperature for the different
module technologies.

Table 4. Temperature coefficients (β) of Voc corresponding to the curves in Figure 5

Module CIS a-Si:H a-SiGe:H EFG-Si mc-Si c-Si

β(mA/°C) −96.0 −69.0 −73.1 −74.7 −81.4 −75.7

β(%/°C) −0.39 −0.28 −0.31 −0.36 −0.39 −0.37
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3.2.3. Maximum power
Although the PV module current increases slightly with increase in temperature, the decrease in
voltage is more rapid, resulting in an overall decrease in Pmax as temperature increases. Figure 6
shows the temperature dependence of Pmax for the six module technologies. Since the tempera-
ture of PV modules operating outdoors are usually around 45°C, it is important to know exactly
how a module’s performance is affected by increasing temperatures. Table 5 lists the correspond-
ing temperature coefficients (γ) of Pmax for the different module technologies.

γ of the more efficient crystalline modules is much higher than that of the a-Si thin-film modules.
This is a direct consequence of the high quality crystalline cells where a slight change in temperature
has a huge effect on the material properties. This has also been found in previous studies (Omazic
et al., 2019; VanDyk,Meyer, Leitch, & Scott, 2000; Mattei et al., 2006; Ogbomoet al., 2018; Hishikawa et
al., 2018; Adeeb et al., 2019; Eke and Bett, 2017; Islam et al., 2019). The positive γ of a-Si:H is attributed
to improved photoconductivity at elevated temperatures (Friesen, Zaaiman, & Bishop, 1998).

3.2.4. Effect of irradiance
To determine the effect of irradiance on module performance when no spectral changes occur,
I-V measurements were taken with the solar simulator while reducing the irradiance levels with
natural screen filters (Hauser & Ahmed, 1998). Figure 7 shows the efficiencies of the six modules at
various irradiance levels. The module temperatures were maintained at 25°C. In a previous study, it
was shown that if a module’s efficiency first increases as irradiance levels are reduced, current losses
due to recombination are dominant, while if the efficiency only decreases, the dominant current
dissipator at lower irradiance is shunting due to shunt paths (McMahon, Basso, & Rummel, 1996;
Meyer & VanDyk, 2000). Comparing the efficiencies at the lowest irradiance level (169W/m2), it is clear
that the EFG-Si is the best performer. The crystalline modules perform better than the thin-film

Figure 6. Temperature depen-
dence of Pmax for the different
module technologies.

Table 5. Temperature coefficients (γ) of Pmax corresponding to curves in Figure 6

Module CIS a-Si:H a-SiGe:H EFG-Si mc-Si c-Si

γ(mA/°C) −41.7 10.3 −65.3 −139.0 −147.0 −309.1

γ(%/°C) −0.41 0.08 −0.19 −0.44 −0.48 −0.47
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modules at low irradiance. This is mainly due to the higher STC efficiencies of the crystalline modules.
In order to explicitly compare all modules, the efficiencies of Figure 7 can be normalized to the STC
efficiencies. Figure 8 shows the normalized efficiencies of the sixmodules at different irradiance levels.
Effectively, the figure considers all modules to have the same STC efficiency. This allows a direct
comparison of the relative efficiencies of the different technologies.

At the lowest irradiance level, the normalized efficiency of a-Si:H is at least 16%higher than all other
technologies. The low normalized efficiency at 169W/m2 of CIS is attributed to its shunting behaviour
(Das, De, &Mandal, 2019; Heise et al., 2011; Hoseinzadeh, Ghasemias, Bahari, & Ramezani, 2018, 2017;
Paul, Smyth, & Zacharopoulos, 2019). Therefore, if all modules had the same STC efficiency, the a-Si:H
technologywould be themost efficient at irradiance levels below 1000W/m2. The a-SiGe:H technology
is slightly more efficient than the EFG-Si technology at reduced irradiance levels.

Figure 7. Aperture area effi-
ciencies of the six modules as
a function of irradiance.

Figure 8. Normalized efficien-
cies of the six modules as
a function of irradiance.
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Under real outdoor operating conditions, the STC performance parameters become even less
reliable as performance indicators. Reduced irradiance levels are usually associated with spectral
changes, which may also influence module performance. The next section considers the effect of
outdoor operating conditions on module performance.

3.3. Outdoor performance

3.3.1. Solar radiation monitoring system
Selected components of solar radiation were measured to conduct outdoor performance charac-
terization of the PV modules. The selected solar radiation components include direct normal,
global horizontal, and downward long-wave irradiance. To simultaneously monitor the above
components, SOLYS Gear Drive (SGD) sun tracker was used. Figure 9 shows the SGD sun tracker
and the various radiometer.

The SGD sun tracker comprises of a CHP 1 pyrheliometer, CGR4 pyrgeometer and two sets of CMP10
pyranometers. The SGD sun tracker was designed to offset the diurnal and seasonal movement of the
earth (Mousazadeh et al., 2009). Hence, the payload was constantly pointed toward the sun. This was
achieved by a sun sensor installed in the system. The sun sensor identifies the area in the sky with
maximum solar intensity and directs the payload to that region. Besides the sun sensors, the tracker
uses the coordinate and local time obtain by the integrated GPS antenna to track the daily movement
of the sun. In this regard, the pyrheliometer used tomeasure direct normal irradiancewasmounted on
the payload. Thus, the pyrheliometer was also constantly pointed towards the sun. Whereas, the
Pyrgeometer and two pyranometers located on the platform of the sun tracker, move about their axis.
The pyrgeometer measures downward longwave radiation; in other words, the re-emitted (infrared)
radiation of the atmosphere. While the pyranometer located at the extreme right end of the platform,
measures diffused solar irradiance. As such, the shading assembly shields the pyrgeometer fromdirect
short-wave solar radiation, which heats the pyrgeometer window. At the same time, it prevents direct
solar radiation from the pyranometer. Combine direct, and diffuse irradiance on a horizontal planewas
measured by the pyranometer located at the centre.

Like most Kipp&Zonen CMP series, the above mention radiometer uses a passive thermal sensing
element called a thermopile to detect irradiance. The thermopile consists of thermocouple junction
pairs connected in series. The measurement (hot) junction of one of the thermocouples absorbs

Figure 9. SOLYS gear drive dual-
axis sun tracker containing
various radiometers.
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thermal radiation, increasing its temperature. The difference between the measurement and a fixed
temperature reference (cold) junction produces a voltage directly proportional to the differential
temperature created. This is known as the thermoelectric effect (Tang, Yang, He, & Qin, 2010).
Although the construction of the thermopile differs from one radiometer to radiometer as well as
from model to another, the principle of operation is the same. However, the sensitivity of a given
radiometer thermopile depends on its physical properties (Kipp & Zonen, 2012). The specification of
the radiometers used in the study is summarized in Table 6 and the profiles for September 14, which
will be used later, shown in Figure 10.

The response time in Table 6 refers to the delay taken by the respective radiometer to respond to
incident radiation. Also, the said response time is the time taken for the respective radiometer to
deliver 95% of its measurement following a step-change in irradiance.

3.3.2. Effect of spectral changes
As the sun traverses the sky to and from the zenith during the day, the change in the solar altitude
is characterized by the air mass (AM) number (m), which is defined as:

m ¼ csc θ (3)

where: m > 0 (air mass number, AM m);

θ = solar altitude (angle between sun and horizon).

Scattering of light by gas molecules in the atmosphere is proportional to λ−4. This implies that blue
light (λ ~ 0.4 μm) is scattered about eight to ten times more than red light (λ ~ 0.7 μm) (Nazeeruddin

Table 6. Specification of the radiometers used in this study

Radiometer Specification

Spectral range (µm) Sensitivity (µV/W/m2) Response time (s)

Pyheliometer 0.2 to 4 7 to 14 < 5

Pyrgeometer 4.5 to 42 5 to 10 < 18

Pyranometer 0.3 to 2.8 7 to 14 < 5

Figure 10. Selected compo-
nents of solar radiation on
September 14.
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et al., 1993). During daytime, light from the sun appears yellow-white and the sky (not towards the
sun) is perceived as blue. Towards sunset, when the sun is further away from the observer (higher AM),
scattering will remove blue light preferentially, with the sun and sky appearing red. Therefore, high air
mass numbers are associated with a spectral content dominated by long wavelength photons.
Consequently, higher solar cell bandgap materials are less efficient under these high AM conditions.
Figure 11 shows Isc normalized to Isc at AM 1.5 for the various module technologies. The values for Isc
were simulated with Sandia’s Solar Design Studio software (S. D. Studio, 2000).

From the figure it is clear that the crystalline and CIS technologies do not have a strong
dependence on AM. The two a-Si technologies do, however, depend strongly on AM. At AM 1.0,
both a-Si technologies perform relatively better than their crystalline counterparts. At higher AM
values, however, the normalized Isc of a-Si decreases significantly. At these higher AM values, CIS
performs better than the other modules.

This is attributed to the combination of wide and narrow bandgaps of the ZnO and CuInSe2
forming the heterojunction. The wide bandgap ZnO being responsible for absorption of the shorter
wavelength photons while the CuInSe2 absorber layer is more responsive to longer wavelength
photons. The ZnO/CuInSe2 solar cell responds better to longer wavelength photons than the c-Si.
This means that at higher AM values (representative of longer wavelength photons) when the sun
is lower in the sky or on cloudy days, the CIS solar cell may become more efficient than the c-Si
cell.

The a-SiGe:Hmodule has the advantage of the spectral splitting technology, which is optimized for the
lowAMvalues. At highAMvalues (long photonwavelengths), however, the a-Si:H/a-SiGe:Hmodule is less
efficient. Since the spectral content consists mainly of low energy photons at the high AM values, the
three series connected junctions of the a-SiGe:H module are mismatched resulting in reduced
efficiencies.

Other research groups (Dai, Huang, He, Hui, & Bai, 2019; Eke & Senturk, 2013; King, Kratochvil,
& Boyson, 2000; Nazeeruddin et al., 1993; Rodziewicz, Zabkowska-Waclawek, & Zdano-wicz,
2001; S. D. Studio, 2000; Santhakumari & Sagar, 2019) also support the fact that triple junction
modules should be less efficient at high AM values. This is, however, contrary to results of Van
Cleef, Lippens, and Call (2001), who report that the a-Si:H/a-SiGe:H modules, when deployed
outdoors, have approximately 40% higher efficiencies at irradiance levels of 50–100 W/m2

compared to other solar cell technologies like c-Si and CuInSe2. This result is attributed to
“the spectral splitting capability” of the module, “especially at lower irradiance levels and
under diffuse light.” Again, this is not in accordance with what is expected from spectral
splitting theory, Figure 11, and the normalized efficiencies as a function of irradiance depicted
in Figure 8. Evident from the figure though, is the fact that spectral changes do influence the
performance of PV modules, though some more than others, and STC performance indicators
are not reliable.

The behaviour of these solar cell technologies can be ascribed to their respective optical
absorption coefficients, the wavelength range of their spectral response, and finally how aligned
or mis-aligned these are with the solar spectrum and associated air mass.

The absorption coefficient, α, depends, therefore, on the semiconductor band gap, Eg, and is
approximated by (Rodziewicz et al., 2001; Sze & Ng, 2006):

α¼A � ðhν�EgÞ (4)

for allowed transitions of valence electron to the conduction band. In this equation, A* is
a constant equal to 2 × 104 if α is expressed in cm−1 and hν and Eg in electron volt (eV). The
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dependence of α on photon energy, hν, suggests that the solar cell will respond differently to
different spectral distributions as is observed in Figure 11.

Figure 12 shows the AM1.5 spectrum superimposed on the spectral response of the 5 modules
used in this study (Rodziewicz et al., 2001).

As the solar spectrum moves away from AM1.5, the spectrum experienced by the modules red-
shifts towards the longer wavelengths. Clearly in the infrared region, around 800 nm, the CIS,
crystalline and multi-crystalline modules still increase towards its 100% spectral response, while
the a-Si based modules are either non-responsive (a-Si:H) or decreasing in response (a-SiGe:H).

3.3.3. PV module outdoor performance
While the modules were deployed outdoors, I-V characteristics were measured usually around solar
noon with an automated I-V tracer. For the sake of clarity, the EFG-Si and mc-Si have been omitted

Figure 12. AM1.5 spectrum
superimpose on the spectral
response of the 5 modules used
in this study; adapted from
(Rodziewicz et al., 2001).

Figure 11. Normalized Isc of the
different technologies used in
this study.
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from this discussion (both modules showed similar behaviour as the c-Si module). Figure 13 shows
the normalized I-V characteristics of four of the six module technologies used in this experiment.
These I-V characteristics were measured on September 14 at 12 h30. This is around solar noon (AM
close to unity) and the irradiance was relatively constant at 1100 W/m2. The average back-of-
module temperature was 35°C. From the figure it is clear that the c-Si module has the best relative
I-V characteristic of the four modules. To consider the actual behaviour of these modules under
outdoor conditions, no corrections were made for temperature or irradiance. Note that the normal-
ized I-V characteristic of the a-SiGe:H module is better than that of the CIS module at these high
irradiance and low AM conditions

To compare the I-V characteristics of these modules under different spectral conditions, the
above measurements were repeated at 17h30 on the same day (14 September). Figure 14 shows
the normalized I-V characteristics of the same modules of Figure13 but measured at 17h30. The
solar altitude was then estimated to be 15° corresponding to AM 3.9 from Equation (3). The
modules were directed towards the sun to ensure high irradiance levels so as to allow reasonable
comparison to the data presented in Figure 12. The average irradiance was 788 W/m2 and the
average back-of-module temperature 31°C.

From the figure it is evident that the normalized I-V characteristics of the CIS and a-SiGe:H modules
aremuch closer here than at the lower AM values of Figure 10. This is attributed to the fact that the CIS
module responds better to longer wavelength photons (associated with high AM values) than the
a-SiGe:H module. The a-SiGe:H module, with its three different bandgap junctions, becomes less
efficient when AM conditions move away from the AM 1.5 global spectrum since it was optimized at
the latter. This is in accordance with the normalized Isc values shown in Figure 11 and results obtained
by other research groups (Eke & Senturk, 2013; King et al., 2000; Kipp & Zonen, 2012; Nazeeruddin
et al., 1993; Rodziewicz et al., 2001; S. D. Studio, 2000), but contrary to results of van Cleef et. al. (2001).

Figure 15 gives the percentage difference between the maximum power and efficiency mea-
sured at 12h30 and that measured at 17h30. The percentage difference was determined with
respect to the measurements taken at 12h30. The power of all modules decreased mainly due to
the reduction in irradiance from 1100 W/m2 to 788 W/m2. The powers of the a-Si and a-SiGe:H
modules decreased by 45% and 35%, respectively.

Figure 13. Normalized
I-V characteristics measured
close to solar noon (12h30) on
14 September.
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Notable from the figure is the 12% increase in the conversion efficiency of the CIS module.
Again, this is explained by the behavior of the CIS module depicted in Figure 11. The efficiencies of
the a-Si modules decreased and that of the crystalline modules increased slightly. This increase in
η is attributed to the fact that the crystalline modules are relatively independent of AM changes
but strongly dependent on the temperature change from 35°C to 31°C. Also, from Figure 11 it is
clear that the performance of the crystalline modules increases with increase in AM.

Figure 11 through 15 show that STC measurements are by no means capable of accurately
specifying module outdoor performance and that it is of utmost importance to be able to deter-
mine the performance of PV modules under actual operating conditions and understand the effect
of temperature, irradiance and spectral distribution.

Figure 14. Percentage differ-
ence between the measure-
ment of Pmax and η taken at
12h30 and at 17h30.

Figure 15. Normalized
I-V characteristics measured at
17h30 on 14 September.
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3.4. Conclusions
This research is devoted to a comparison between the performance parameters of six different
module technologies used in this study. Parameters obtained from STC measurements showed
that, although c-Si had the highest STC power, EFG-Si had the best quality cells. This was confirmed
by Voc-Isc measurements from which ideality factor and saturation current could be obtained.

A comparison between the temperature dependence of the various technologies revealed that the
crystalline technologies (EFG-Si, mc-Si and c-Si) are more temperature sensitive than their thin-film
(CIS, a-Si:H and a-SiGe:H) counterparts. It is, therefore, concluded that the higher the quality of the
module cells, the more sensitive it is to temperature changes.

Conversion efficiencies measured under reduced simulated light, showed that the a-Si:H tech-
nology is at least 16% more efficient than the other technologies at 169 W/m2. This is due to
recombination of e-h pairs being the dominant current dissipater. The outdoor performance of
these technologies was then compared.

Unlike reduced simulated light, changes in the outdoor irradiance are associated with
changes in the relative spectral content of natural sunlight. Results obtained indicate that
CIS performs relatively better at high AM conditions, which are associated with red sunsets
and times of day when the sun is lower in the sky. I-V characteristics measured at different
times of day revealed that CIS was 12% more efficient at 17h30 than at 12h30. The
efficiencies of the a-Si modules decreased significantly by up to 45% from 12h30 to 17h30.

In this research it was therefore shown that, although STC is an excellent way of comparing PV
modules under specific reference conditions, it is by no means accurate in specifying the outdoor
performances. Temperature, irradiance and spectral changes affect module performance. It is,
therefore, essential to have actual data available of the outdoor performance of PV modules as
well as the operating conditions.

Nomenclature

a-SiGe:H aSi:H/a-SiGe:H/a-SiGe:H

CIS CuInSe2

EFG-Si Edge-defined film-fed growth silicon

mc-Si Multi-crystalline silicon

c-Si Single crystalline silicon

SCR Space-charge-region

n Ideality factor

Pmax Maximum power

I0 Saturated current

Isc Short-circuit current

Iph Photogenerated current

Voc Open-circuit voltage

FF Fill factor

Rs Series resistance

Rsh Shunt resistance

η Aperture area efficiency

α Temperature coefficient for short-circuit current

β Temperature coefficient for open-circuit voltage

Meyer & Overen, Cogent Engineering (2019), 6: 1691805
https://doi.org/10.1080/23311916.2019.1691805

Page 17 of 20



γ Temperature coefficient for maximum power
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