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Abstract

When photovoltaic systems operate in areas with extreme climatic conditions, their characteristics can
change significantly during operation. The temperature mainly affects the open circuit voltage and the
efficiency of the photovoltaic system. Therefore, it is necessary to pay particular attention to the fact
that the connected devices can work in the given range of parameters of the photovoltaic power source.
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INTRODUCTION

Today, photovoltaic energy conversion has an important place in the energy mix. They are also im-
portant in terms of reducing the carbon footprint. Many photovoltaic power plants operate worldwide
(Bozikova et al., 2021; Poulek et al., 2021). Many of them are directly building integrated (Libra et al.,
2016; Pokorny & Matuska, 2020), including our photovoltaic system on the roof of the Faculty of En-
gineering (Libra et al., 2019) (see Fig. 1). The temperature of photovoltaic panels changes during the
year. In Central Europe, the air temperature can change by up to about 60°C during the year, but there
are places on Earth (for example in Siberia), where the air temperature changes by up to 100°C.
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Fig. 1 Photovoltaic system (Pmax = 10 kWp,) on the roof of the Faculty of Engineering in Prague

It is known, that the temperature of photovoltaic cells significantly affects the efficiency of energy con-
version. It follows from the semiconductor theory. A photovoltaic cell is essentially a planar semicon-
ductor diode. Photovoltaic panels with silicon-based photovoltaic cells are commonly used on Earth and
photovoltaic panels with GaAs-based photovoltaic cells are commonly used in space. Photovoltaic volt-
age arises at the PN junction due to the different distribution of significant energy levels in areas P and
N. If the irradiation is constant, the increasing temperature causes a shift of Fermi energy towards the
center of the band gap and a decrease in photovoltaic voltage. However, the increasing temperature also
reduces the width of the band gap and increases the electric current. For example, in (Meral & Dincer,
2011) the results of measuring |-V characteristics of a photovoltaic cell based on monocrystalline silicon
were presented and discussed, but the temperature range was relatively small (20°C + 60°C).
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We performed similar measurements in the maximum possible temperature range of photovoltaic sys-
tems, which can work even in extreme climatic conditions or in space (-170°C + +100°C) and we pre-
sented the results in (Libra et al., 2021). In this article, we discuss in more details the influence of
temperature dependences of important characteristics of photovoltaic cells and panels on photovoltaic
systems.

MATERIALS AND METHODS

Using our monitoring system Solarmon (Berdnek et al., 2018), we evaluate data from 85 photovoltaic
power plants in the Czech Republic, Slovakia, Romania, Hungary, Chile. The dispatching center is at
the Czech University of Life Sciences Prague, Faculty of Engineering. We compare the results with the
assumed values according to the solar calculator (Photovoltaic Geographical Information System). De-
scription of the activity associated with high technologies of real-time monitoring of the Earth surface
and solar energy conversion is in the work (Rezk et al., 2015). A data acquisition system has designed
and implemented with facilities for monitoring meteorological data and solar radiation. The system of
our colleagues uses photovoltaic monitoring equipment and was developed for taking images of the
Earth from satellites. It can forcast meteorological parameters and incoming solar radiation.

When photovoltaic modules operate on the Earth's surface without radiation concentration, their tem-
perature can change from about -100°C to +100°C. When using a photovoltaic system in space, temper-
ature can change over an even larger temperature range during one Earth orbit.

RESULTS AND DISCUSSION

Fig. 2 shows the most important characteristics of the electricity source (in this case an irradiated pho-
tovoltaic cell based on monocrystalline silicon) at three selected temperatures. We measured similar
characteristics at other temperatures in the above mentioned temperature range (Libra et al., 2021).
Temperature dependences of the efficiency of photovoltaic energy conversion were measured in (Gor-
don et al., 2021) as well.

If the photovoltaic system operates in places with extreme climatic conditions, especially with extreme
temperature changes during the year, the electrical voltage of the photovoltaic panels will change sig-
nificantly. This can be seen in Fig. 3 and there is also a decrease in the energy conversion efficiency
with increasing temperature. Thus, in the stated temperature range, the open circuit voltage can up to
double. This must be taken into account when designing a photovoltaic system, including connected
devices. If the photovoltaic system is connected to the network, the stability of the grid can also be
affected (Petrik et al., 2020).

For example, in Oymyakon, (Siberia, 63° north latitude, 750 m altitude), the lowest temperature was
- 72°C (on 26th January 1926) and the highest temperature was +35°C (on 28th July 2010). At night,
the temperature of the photovoltaic panels is usually lower than the air temperature due to radiation. In
the winter morning at sunrise, the temperature of the photovoltaic panels can approach up to the value
- 100°C. When using a photovoltaic system in space, temperatures can be even lower in the Earth's
shadow, and our measurements are very important especially for these applications. Conversely, the use
of radiation concentrators can significantly increase maximum operating temperatures. In this case, it is
necessary to assess whether the increased radiation intensity on the photovoltaic panels pays off in com-
parison with the reduced energy conversion efficiency at the higher temperature of the photovoltaic
panels. The decrease in the efficiency of photovoltaic energy conversion with increasing temperature
shows an approximately linear dependence, as can be seen in Fig. 3. At the temperature 25°C, the de-
crease is 0.36 %/°C. These values differ slightly for different PV cell designs and different irradiation.
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Fig. 2 Important characteristics of an irradiated photovoltaic cell at three different temperatures
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Fig. 3 Dependences of open circuit voltage and energy conversion efficiency on temperature

This mentioned effect of temperature on the efficiency of photovoltaic energy conversion means that
extreme values of solar radiation do not necessarily mean extreme yield of the photovoltaic power plant.
Tropical areas have a high intensity of sunlight (especially in Africa, Australia and Central America).
The yield of photovoltaic power plants is here good but not top, because the efficiency of energy con-
version is lower at higher temperatures. The highest yields are achieved in the much more northern and
cold regions of Tibet, Mongolia and Siberia with higher altitudes. The plateaus of Chile in the Atacama
Desert are also excellent locations. Also on the coast of Antarctica, there can be achieved similar annual
yields as in subtropical areas.

For example, we have been operating the photovoltaic system in Fig. 1 (Pmax = 10 kW,) at the Faculty
of Engineering in Prague (50° north latitude, 300 m altitude) since 2015, we collect data using our mon-
itoring system Solarmon (Berdnek et al., 2018). Fig. 1 shows the photovoltaic system in winter period.
The yield of electricity produced slightly exceeds the expected values according to the solar calculator
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(Photovoltaic Geographical Information System). We achieved the highest energy yield in 2019, as
shown in Fig. 4.
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Fig. 4 Electricity produced in the photovoltaic system at the Faculty of Engineering in 2019

CONCLUSIONS

Photovoltaic systems are an important part of the energy mix also with regard to reducing the carbon
footprint.

Measurement of important characteristics of photovoltaic cells shows a significant dependence on tem-
perature. The decrease in the efficiency of photovoltaic energy conversion with increasing temperature
shows an approximately linear dependence as can be seen in Fig. 3.

Thus, the efficiency of energy conversion and open circuit voltage can up to double on Earth in extreme
climatic conditions during the year. In space applications, these values can triple in a single satellite
orbit around the Earth. This must be taken into account when designing photovoltaic systems. The indi-
vidual components and especially the overvoltage protectors must be carefully selected so as not to
damage or destroy the connected equipment.
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