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Featured Application: This research contributes to guiding planners and investors in the sizing,
locating and selection of module types for photovoltaic (PV) installations. It can be useful for
the prediction of electric energy production by different PV technologies at high latitude under
temperate climate conditions.

Abstract: This study presents a comparative analysis of energy production over the year 2015 by the
grid connected experimental photovoltaic (PV) system composed by different technology modules,
which operates under temperate climate meteorological conditions of Eastern Poland. Two thin film
technologies have been taken into account: cadmium telluride (CdTe) and copper indium gallium
diselenide (CIGS). Rated power of each system is approximately equal to 3.5 kWp. In addition,
the performance of a polycrystalline silicon technology system has been analyzed in order to provide
comprehensive comparison of the efficiency of thin film and crystalline technologies in the same
environmental conditions. The total size of the pc-5i system is equal to 17 kWp. Adequate sensors
have been installed at the location of the PV system to measure solar irradiance and temperature of
the modules. In real external conditions all kinds of modules exhibit lower efficiency than the values
provided by manufacturers. The study reveals that CIGS technology is characterized by the highest
energy production and performance ratio. The observed temperature related losses are of the lowest
degree in case of CIGS modules.
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1. Introduction

The European Directive (EU) 2015/1513 amending Directive 2009/28/EC on the promotion of
the use of energy from renewable sources sets a binding target of 20% final energy consumption in EU
from renewable sources by 2020 [1,2]. One of the renewable energy systems (RES) is solar energy which
can be utilized in photovoltaic (PV) systems that are non-polluting and do not generate greenhouse
gases or wastes which have to be stored. This kind of system has no moving parts, so the maintenance
cost is very little [3,4]. Due to its advantages, photovoltaic (PV) energy production has experienced a
rapid growth all over the world in recent years, and, according to the policies of particular countries,
a number of photovoltaic (PV) power plants increases [5-9].

Producers of PV modules provide characteristic parameters measured under Standard Test
Conditions (STC) which are defined as follows: solar irradiance G = 1000 W/m?, module temperature
25 °C, AM 1.5, and wind speed less than 5 m/s. The testing measurements are usually made in
laboratories with the use of solar simulators. Under real conditions, the results of PV performance can
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be different because of the influence of specific environmental parameters in the given location [10],
such as global solar radiation intensity and spectrum [11], ambient temperature, relative humidity,
wind speed, and dust concentration in the air [12-17]. All these factors strongly depend on
meteorological conditions, characteristic for given climate [18,19]. Moreover, it is important that
the influence of environmental conditions is complex and final energy production depends on the
overlapping of several effects, which are difficult to analyze individually [20]. In general, the most
important factors are solar irradiation and temperature, since they directly influence the energy
production, and PV modules temperature, which affects modules efficiency. For this reason, outdoor
analysis of daily and seasonal variations of PV module performance allow the energy production to be
realistically estimated and also limit the over or under sizing in prospective plants.

In recent years much research on outdoor measurements of PV systems has been done, but the
majority of them refer to warm climate conditions [21-23]. Nonetheless, spreading of PV technology
all over the world implies the need for this kind of study also in locations characterized by lower
insolation level such as temperate climate [24,25].

It is also worth noting that most of work on outdoor photovoltaic (PV) performance is devoted to
the investigation of pc-5Si technology, since this is the one which is the most popular on the PV market.
However, the dropping price of thin film technology (e.g., a-5i, CdTe, CIGS) is a motivation to testing
of various kinds of thin film solar modules under real external conditions. The following types of PV
technologies were studied experimentally under different climatic conditions:

° a-Si, HIT, mc-Si—India [26],

° a-5i, HIT, pc-Si—India [27],

° a-5i, ¢-Si, CdTe—Turkey [5],

. mc-Si—Greece [2],

° mc-Si, pc-Si, a-5i, CIGS, CdTe-Italy [28],

° ¢-Si, a-Si, HIT—Italy [29],

° mono-5i, CIS—Turkey [30],

° a-5i, ¢-5i, CIGS5—United Kingdom [11],

° a-Si, ¢-Si, CIGS, CdTe—Germany [31],

° mono-Si, poli-Si, a-Si, CIGS, CIS, CdTe—Netherlands [20].

All these investigations add new knowledge about the influence of external conditions on solar
modules built with different semiconductor materials and allow for selecting the best technology type
in the given location. At present, there are no published results of this kind of comparative study
carried out in the Polish climate. Thus, the goal of this work is to characterize the solar conditions in
Poland and evaluate the outdoor performance of three different PV technologies at the same location.
This paper presents the comparison of traditional polycrystalline silicon (pc-Si) PV technology and
two thin film technologies: cadmium telluride (CdTe) and copper-indium-gallium-diselenide (CIGS).

Monthly solar irradiation at the given location has been calculated and the energy yield for
each type of PV technology has been compared. Daily efficiency and average yield, as well as direct
current (DC) performance ratio, have been calculated and analyzed. The effects of the temperature
on performance of different studied PV technologies have been also investigated, since the relevance
of temperature as the parameter affecting modules efficiency depends on the type of semiconductor
materials used. The attempt has been made to discuss the obtained results with research performed in
other places under similar climate conditions.

2. Methodology

2.1. Experimental Photovoltaic Installation

The experimental PV installation consisted of different, fully commercial modules located in
the East of Poland (Latitude 51 °51 and Longitude 23 °10) is shown in Figure 1. Technologies of
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the modules used in the analysis and their nominal power were as follows: cadmium telluride
(3.3 kWp), copper-indium-gallium-diselenide (3.72 kWp), and polycrystalline silicon (17 kWp).
Detailed specification of each kind of module based on the PV manufacturer data sheet is presented in
Table 1. The modules are oriented to the south and tilted at the optimum angle for the given latitude
equal to 34°. The installation is connected to the grid using the inverters. Both thin film installations
are connected with the use of inverters with one maximum power point tracker (MPPT), while for
pc-Si PV string the inverter equipped with two MPPT systems is used. The distance between the rows
of panels equals to 6.3 m.

Figure 1. Experimental installation consisting of different PV (photovoltaic) module technologies.

Table 1. PV modules specification data.

Temp. Coefficient

2 . g o,
PV Technology Pyax [W] Area [m“] of Pyax, B 1%/°C] Efficiency 7, [%]
Cadmium telluride (CdTe) 75 0.72 —0.25 10.6
Copper indium gallium B
diselenide (CIGS) 155 1.25 0.31 12.6
Polyecrystalline silicon (pc-Si) 250 1.55 —0.4 15.4

At the location of the experimental system, solar radiation intensity on PV module plane, as well as
the temperature of the modules, were measured. A solar radiation sensor based on the monocrystalline
silicon solar cell is located in the centre of the installation and tilted at the same angle as the modules.
Pt1000 resistance temperature detectors are attached to the back of the module. Detailed specification
of the devices used is listed in Table 2.

Table 2. Specification of the devices used for irradiance and temperature measurements.

Solar Radiation Sensor Temperature Sensor

Monocrystalline silicon cell (5 x 3.3 cm)
Temperature range: —20 °C to +70 °C
Radiation range: 0 to max. 1400 W/m?
Tolerance of the irradiance sensor: +/—5%

Range: —40 °C-70 °C

Inverters, as well as both mentioned sensors, were connected to the central data-logging computer
system for synchronous data collection. All parameters, such as solar irradiance, DC generated electric
power, and module temperature of each PV technology studied were measured at each 5 min during
the considered year of 2015 and stored for the analysis. All necessary computations were carried out
with the use of Matlab/Simulink software (MathWorks, Natick, MA, USA).
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2.2. Methods of Experimental Data Analysis

Calculations for performance evaluation of PV modules were carried out according to the
International Electrotechnical Commission standard IEC 61724-1 [32]. The daily energy (E‘éc) produced
by each technology PV array was calculated from the following equation:

sunset

Ehe= Y Phe(t)At, 1)

sunrise

where: At—time step of measurements (5 min), ch(t)—power generated at a particular time of the
day measured as a product between the current and the voltage at the inverter inlet.
Daily irradiation was calculated on the basis of irradiance G (W/m?) according to the formula:

Hd< kWh > = sufft G(t)-At, )

2,
m day sunrise

where G(f)—irradiance measured at a particular time f of the day.

The effect of the differences in energy production caused by different size of installation of each
technology array was eliminated by dividing the daily DC energy production (E%C) by the nominal
power output of the installation at STC (PfATC). The daily yield is given by the ratio between daily
energy produced by each technology PV array and output peak power P! © of the modules under STC:

d

E
d DC

The effect of insolation can be expressed by reference yield Y4, which is defined as the ratio of
daily irradiation and irradiance at STC according to the formula:

Hd
d __
YR—Wr 4

2 GSTC_jrradiance under standard test conditions

where: H*—daily irradiation expressed in kWh/m
(in kW/ mz).

For an ideal PV system operating under STC, the calculations based on the Equations (3) and
(4) should provide the same results. Nonetheless, the power losses in the PV system (modules and
other particular components) lead to lowering of the Y# value in comparison with YI’%. In order to
evaluate real energy production relation to the ideal scenario, performance ratio (PR) of the system
was calculated:

Y4

PR= .
Yi

©)
Another parameter used for the assessment of real performance of the modules was efficiency,
defined as a quotient between the energy production in reference period and solar irradiation received

by the module:
d

E
DC
— _DC_100%, 6
"= Ha Area ’ ©)

where Area is the total area of the modules.

3. Results

Monthly irradiation on the module plane at the considered location, in a warm summer continental
climate according to Képpen’s climate classification, is shown in Figure 2. As can be seen, the most
sunny period, beneficial for energy production from photovoltaics, was June to August in 2015. There
are significant differences in the irradiation level in plane of module during the year: from a minimum
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of 20 kWh/m? in January to a maximum of 191 kWh/m? registered in August. The monthly average
daily irradiation on module plane ranged from only 0.67 kWh/m? in January to 6.18 kWh/m? in
August. In general, about 80% of yearly solar irradiation in Poland is received during the sunny and
warm half of the year, from April to August.
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Figure 2. Monthly irradiation on module plane measured in 2015.

In order to better explain the on-site solar irradiance conditions, Figure 3 shows the accumulated
irradiance distribution of incident global irradiation measured for period under study. As can be seen,
irradiance conditions characterized by low values were the most frequent ones, resulting in median
equal to 193 W/m?. About 36% of the measurements have an irradiance lower than 100 W/m?
and almost 98% of registered values are below 1000 W/ m?2, however, about 17% of the results
were characterized by a good or very good irradiance conditions, which varied from 700 W /m?
to 1200 W/m?,
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Figure 3. Accumulated percentage of collected incident global irradiation distribution according to
irradiance levels measured in 2015.

Simultaneously to irradiance measurements, the temperature of the modules was monitored in the
given location (Figure 4). The values of temperature of the modules depend mainly on the irradiation
and ambient temperature and have a great impact on the efficiency of the modules. Registered values
of the modules temperature varied from about 0 °C in cloudy winter days to 60 °C in summer sunny
days. The median of the module temperature for the studied period is equal to 30 °C.
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Distribution of module temperature [%]
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Figure 4. Percentage distribution of module temperature measured in 2015.

The obtained results (Figures 2—4) indicate that due to seasonal variations, in considered location
under moderate climate, STC used by manufacturers are rarely met. Only a small portion of
instantaneous irradiance measurements are around 1000 W/m? and module temperature values
quite often reach 15-48 °C in the analyzed period.

An example of a hot sunny day, characterized by the high solar irradiance level reaching
1000 W/m? when the modules are heated by solar radiation up to 55 °C, shows that under this
kind of real conditions, the power generated by pc-5i installation is lower compared to thin film

technologies (Figure 5).
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Figure 5. Normalized DC power generated by the PV systems of each studied technology. Maximum
irradiance and temperature recorded for that day were 1000 W/m? and 55 °C, respectively.

For different analyzed PV technologies, the dependency of daily energy output as a function
of daily average module temperature was shown in Figure 6. The increase of modules temperature
caused by high incident solar irradiance during sunny days results in the decrease of energy production
for all investigated technologies. As can be seen, thin film modules exhibit higher energy yield values
than polycrystalline silicon ones. In particular, CIGS modules were characterized by the highest energy
production in these specific—high temperature—conditions. The difference in daily energy production
between CIGS and pc-Si modules during summer sunny days varies from 3.7% to 8.4%, while the
CdTe modules produced from 1.7% to 6.1% more energy than pc-Si modules. The reason why CIGS
installation exhibits better performance on sunny days can be explained as a result of double effect.
Firstly, the temperature coefficient of power is lower than in case of pc-Si modules. Secondly, power
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gains due to spectral effects reported in the literature, being those gains for CIGS technology more
remarkable at high latitudes in the north Hemisphere, as in the case of Reference [31].
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Figure 6. Daily energy yield vs. daily average temperature of the different technology modules
calculated for sunny summer days of 2015 with similar solar irradiation levels.

Furthermore, CdTe modules, because of the lower power temperature coefficient and characteristic
for this technology in high latitudes spectral gain in summer, have a better response than pc-Si,
as shown in Figure 6 [31,33]. Nevertheless, the efficiency of CdTe modules is lower, and, finally,
their yield is not as good as CIGS technology but better than pc-5i.

Experimental efficiency of each studied PV technology calculated as the average of daily
efficiencies (Equation (6)) measured over the period February 2015-November 2015 can be seen
in Figure 7. Efficiencies of pc-5i, CIGS and CdTe technologies were found to be 14.5%, 11.0%, and 8.7%,
respectively. The results of calculations based on experimental data indicate lower efficiency values for
all considered PV technologies in comparison to those obtained under STC presented in manufacturer
datasheet (Table 1). The highest difference (17.9%) was noted for CdTe technology. In the case of CIGS
and pc-5i technologies, these differences were found to be 12.7% and 5.8% respectively.

16+ [ datasheet
1 5 - 4“"0

o

Efficiency [%)]

CdTe CiGs pc-Si
PV technology

Figure 7. Comparison of the photovoltaic (PV) modules’ efficiencies presented in manufacturer
datasheet with the efficiencies obtained experimentally over the period February 2015-November 2015.

Analysis of daily energy efficiency calculated for chosen sunny days of 2015 with relatively high
solar irradiation level (winter sunny days are characterized by lower values of solar irradiation in
comparison with summer sunny days), presented in Figure 8, shows the linear decrease of daily
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efficiency with the increase of the daily average modules temperature. Temperature coefficients of
efficiency for studied types of PV technology were derived from experimental data according to the
following equation [34]:

n=1r—uT—T), @)

in which: #,—reference module efficiency at reference temperature T, = 25 °C, y—temperature
coefficient, T-—measured temperature of the module. The temperature coefficient value is a slope of a
line that represents the efficiency changes for each module type in Figure 8. The values of temperature
coefficient, both obtained from experimental data and calculated based on manufacturer information
(Table 1) as u = B1,, are presented in Table 3.

+  pc-Si
16 = CIGS |
v CdTe
e W
15} LA 1
*- * ]

14 K
- ¢ %
=
- 13F
o
&
5 12
5 .
%. 11 e | L m———— . R -
o

10

v
o Y v v
..... v

9 ¥y v V¥

al

7 ! I | . .

20 25 30 35 40 45 50

Daily average module temperature [°C]|

Figure 8. Effect of the module temperature on daily efficiency of each PV technology calculated for a
chosen sunny day of 2015.

Table 3. Calculated and experimental values of the modules temperature coefficient.

Temperature Coefficients Temperature Coefficients
. Calculated According to Obtained Basing on
Photovoltaic (PV) Technology Manufacturer Data Experimental Data
[%/°C] [%/°C]
Cadmium telluride (CdTe) 0.0265 0.0152
Copper indium gallium diselenide (CIGS) 0.0391 0.0102
Polycrystalline silicon (pc-Si) 0.0616 0.0728

The comparison of the data obtained by two methods shows that the temperature coefficient
resulting from experimental data exhibits a higher value for pc-Si modules than the value calculated
according to the datasheet. The experimentally estimated value of pc-Si modules temperature
coefficient is the highest compared to other technologies, which is directly connected to the strong
influence of temperature on pc-Si energy production (Figure 6). The temperature coefficients of
both thin film technologies are lower than these for pc-Si. In realistic operational conditions, their
temperature coefficients achieve even lower values than the values determined from the datasheet,
which is favorable and confirms the observations of high energy production by these technologies
presented in Figure 6.

Figure 9 shows the dependency of DC output power on the PV modules temperature under real
outdoor conditions for selected sunny days of 2015. The effect was determined by measuring DC
output power and instantaneous module temperature at incident solar irradiance equal to 1000 W/m?
(+/—0.6%). The lowest module temperature at irradiance of 1000 W/m? was found to be 28 °C
(registered at 11.18 on 23rd of March 2015). The highest value was equal to 49 °C (registered at 12.09 on
2nd of July 2015). Experimentally obtained power was compared with the maximum power point



Appl. Sci. 2019, 9, 141 90f13

(MPP) value at 25 °C, taken from the manufacturer datasheet. Calculated results depict a strong
dependency of output power on the temperature only for pc-Si modules. The variation of output
power for pc-Si technology modules is around 18 W (7%) with the increase of temperature from 28 °C

to almost 50 °C. In terms of thin film modules, the decrease of power with temperature is much smaller
(0.2-2.0 %).
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Figure 9. Photovoltaic (PV) output power of the different technology modules measured at 1000 W/m?
vs. instantaneous temperature of the module.

The daily average energy yield of 1 kWp of each technology is presented in Figure 10. The shape
of the energy yield profile is similar to the shape of irradiation profile for the studied year, as shown in
Figure 2. The highest energy production was noticed in summer months for all technologies due to
the best irradiance conditions. During the summer period (June-August) CIGS modules produced
about 3% more energy than polycrystalline Si modules, which is in agreement with observations of
temperature influence in this period. CdTe modules exhibit the lowest energy production, even
in summer, in spite of the small value of temperature coefficient. Energy production by CdTe
technology is lower in comparison with pc-5i of 1.1-8.9% which is probably caused by its small
efficiency. An exception is June, when CdTe produced 0.2% more energy per kWp than pc-Si.
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Figure 10. Comparison of daily average energy yield of each technology modules in 2015.
Monthly performance ratio (PR) calculated for each studied module technology is shown in

Figure 11. PR values of CIGS array were found to be higher than that of pc-Si (from 2.5% in June to
3.5% in August). Higher energy yield and performance ratio of pc-Si modules were noticed in colder
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period of the year, i.e., from March to May (up to 4.8%), and from October to November (up to 4.6%).
In terms of CdTe modules, lower monthly PR values were noticed in comparison to pc-Si technology
for the whole year (from about 1% in May to even 14% in October), with the exception of June.
During winter (December—February) PR values drop significantly due to occurrence of snow cover
and decrease of inverters’ efficiency at low input power levels. These two problems make it difficult to
interpret the PR results obtained in winter, and thereby to assess the particular PV technologies in this
period. Most of the months (March—October) are characterized by better insolation (Figure 2) and PR
value above 80% (even 90% for pc-5i)
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Figure 11. Comparison of calculated monthly performance ratio (PR) of each technology of the modules.
4. Discussion

The performance of solar modules depends on real external conditions, which is clearly visible
in the results presented in this work, based on the measurements collected under temperate climate
which is characterized by significant changes in both daily and yearly insolation and temperature.
The role of solar radiation intensity on charge carriers generation and parameters of PV cells is direct
and obvious. Nonetheless, it is worth remembering that most of the radiation absorbed by the cells is
not converted into electricity, but it increases their temperature, thereby reducing the efficiency.

The influence of the temperature on the performance of solar modules, revealed in the presented
experimental results, is different for various types of modules, since they are built with different
semiconductors materials. In general, the semiconductor bandgap should correlate well with the solar
radiation spectrum to achieve its maximum absorption. The optimum value of the bandgap, within
the range of 1.0-1.6 eV results in good efficiency, which is observed even for single solar cells [35].
Temperature increase leads to narrowing of the semiconductor bandgap and also the intensification of
recombination processes, in which current carriers disappear.

The bandgaps of the semiconductors used in the studied modules were different: 1.1 eV for
polycrystalline silicon, the material with a crystalline fraction of over 95%, and 1.45-1.5 eV in case of
cadmium telluride [36-38]. Copper indium gallium selenide (CIGS) is a solid solution characterized
by a higher bandgap value of around 1.04-1.68 eV, which depends on the exact composition of the
material [39]. In the presented investigations, the role of the bandgap value is thus visible since the use
of wider bandgap semiconductors extend their operational temperature [40]. The broader bandgap of
CIGS may result in better resistance of this material to temperature increase.

The comparison of the presented results with studies conducted by other authors is rather difficult,
even taking into account investigations performed at similar latitude, since the technical parameters
of the modules and other devices differ, as do weather conditions in summer and winter. Exemplary
studies performed in the UK show better performance of CIGS in winter due to the spectrum [11].
The investigations focused on the assessment of the spectral impact on different PV technologies,
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performed in Germany [31], indicate spectral gains of 2.4% for CdTe, 1.1% for c-Si (that can be compared
with pc-Si), and 0.6% for CIGS during the entire year. Temperature coefficients of power estimated
in the Netherlands for different PV technologies are higher than technical data for CdTe and CIGS
and similar for poly-Si [20]. Considering the results of the investigations in the mentioned countries,
it is worth remembering that the weather conditions in both winter and summer differ from those in
Poland in spite of similar latitude.

In general, all kinds of modules in the analyzed solar plant of the whole nominal power of
1.4 MWp produced 1530.23 MWh in the entire 2015 year. This achieved result is remarkable, considering
the role of the climatic zone in which the PV plant is situated, however, further long-term measurements
are necessary. The degradation process of modules has to be observed and taken into account in long
term comprehensive assessment. All kinds of modules are sensitive to some external factors, such
as humidity that leads to the failure of electric parts, snow, dust and other pollutions that cause hot
spot appearance, and even damage of the modules [41,42]. However, it is also worth emphasizing that
external conditions influence particular types of modules in different ways, since the construction of
the traditional and thin film modules is not the same. Internal processes in various semiconductor
materials also contribute to the degradation.

5. Conclusions

The performance of three different PV technologies was characterized under moderate climate of
Eastern Europe, in which about 80% of irradiation in plane of module is received in the warm half
of the year. In this kind of climate, both standard test conditions (STC) and nominal operating cell
temperature (NOCT) are not met, since only a small portion of irradiance achieves values within the
range 800-1000 W/m?. Module temperature is distributed around 30 °C.

Under this kind of external conditions, daily and monthly energy efficiency calculations
revealed its lower values in comparison to efficiency measured under STC for each type of modules.
The difference in normalized energy production among three studied PV technologies as well as the
decrease of energy output with the increase of module temperature were shown. The highest impact
of the temperature on generated power was registered in the case of pc-5Si installation compared to
thin film. CIGS and CdTe modules exhibit high resistance to temperature rise, which is indicated
by temperature coefficients whose experimentally obtained values are even lower than the values
based on the manufacturer data. On hot summer days, CIGS installation produced more energy than
the polycrystalline one. Daily average yield, as well as the performance ratio of each technology
installation, also indicated better performance of CIGS technology during summer months.

The presented results thus indicate that under temperate climate operating conditions, CIGS thin
film technology is a valuable alternative to popular pc-5i.
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