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Changes 1n the Efficiency of Photovoltaic Energy
Conversion in Temperature Range With
Extreme Limits

Martin Libra

Abstract—The efficiency of the photovoltaic energy conversion
depends on the temperature significantly. We monitored the behav-
ior of I-V characteristics of the PV cell based on monocrystalline
silicon in temperature range with extreme limits from —170 °C
to +100 °C. We have not yet found a similar measurement in
this temperature interval. The temperature of PV modules without
radiation concentration can reach values of —100 °C to +100 °C
on the Earth’s surface. The temperature range may be few wider in
space. Changes of I-V characteristics and P-V characteristics are
discussed in terms of the theory of solids. The open-circuit voltage
dependence is approximately linear over a wide temperature range,
but saturation occurs at temperatures around —150 °C, which
is also explained in accordance with the theory of semiconduc-
tors. The decrease in energy conversion efficiency with increasing
temperature has a value of about 0.5%/°C throughout the whole
temperature range possible on the Earth’s surface. If there are large
changes in the temperature of the PV modules during operation
of the PV system, the electrical voltage of the PV modules will
also change considerably. In space applications, these fluctuations
may be greater. This must be taken into account when designing
PV systems (especially for deep space missions). For example,
electronic inverters are sensitive to overvoltage or undervoltage.

Index Terms—Efficiency, energy conversion, photovoltaics, solar
energy.

NOMENCLATURE
1 Electric current.
Isc  Short-circuit current.
Vv Voltage.

Vp  Diffusion voltage.
Vp  Photovoltaic voltage.

Voc Open-circuit voltage.
E Electric field intensity.
I Irradiation intensity.

t Temperature.

Ep Fermi energy level.
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E; Center of the forbidden gap.

Ev Valence band edge.

Ec Conduction band edge.
AEg Forbidden gap.

Ep Donor energy level.

Ex Acceptor energy level.

Np Donor concentration.
Na Acceptor concentration.
v Frequency.

1. INTRODUCTION

HE efficiency of photovoltaic (PV) energy conversion is

an important parameter of PV cells. The development of
record efficiencies of PV cells was described in the article [1].
Other important parameters of PV cells also depend significantly
on temperature [2], [3], [35]. This behavior is related to the
theory of solids [4], [5]. Temperature changes cause changes in
the Fermi energy level in the band structure of energy levels [6],
[7]. As a result, both the open-circuit voltage and the electrical
power supplied by the PV system will change [8]-[10]. The
design of PV systems with concentrators of solar radiation
can significantly increase the temperature of PV modules [11],
[12]. This will, however, reduce the efficiency of PV energy
conversion, and, therefore, the designer needs to look for an
optimal balance between power increase due to higher intensity
of concentrated radiation on PV modules and reduction of energy
conversion efficiency due to higher temperature. Temperature
of PV cells can also be influenced by the design of hybrid pho-
tovoltaic/photothermal (PV/PT) systems [13] or by design with
passive cooling [14]. In particular, the usage of the vacuum layer
as thermal insulation greatly increases the temperature of PV
cells [15]. The dependence of the amount of electricity produced
on the temperature of PV modules was monitored for example
in the works [16], [17]. The PV modules built into the roof
construction are less cooled than PV modules standing freely and
therefore they produce less electricity. The temperature model
of PV systems was also discussed in the works [18], [19]. The
temperature has a major impact on the lifetime of the PV system,
especially when batteries are incorporated into the PV module
[20], [21]. PV degradation rate affected by different weather
conditions was studied in the work [22].

In this article, results of temperature dependence measure-
ments in a very wide temperature range from —170 °C to
4100 °C are presented. We have not yet found a similar mea-
surement in this temperature interval. In Central Europe, the
temperature of the Earth’s surface changes by up to 50 °C during
the year, and in Central Siberia, for example, there are places
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where the temperature changes by up to 100 °C during the year.
Temperatures below —100 °C are not common on the Earth’s
surface, but may occur in deep space applications [23]. PV
energy conversion can be used as far as the orbit of Jupiter. On
distant paths, the intensity of the solar radiation would be weak
and another energy source must be used (for example, thermo-
electric energy conversion—Seebeck thermoelectric cells and
radioactive material or fission reactor as a heat source [24], [25]).
Thus, the construction of PV systems requires reliability often
in a very wide temperature range, which is not guaranteed
for conventional PV modules. The work [26] informed about
the new-generation PV modules that were developed for use
in locations with extreme climatic conditions, such as Siberia,
Arctic, Antarctica, as well as for instance North Africa. In such
areas, the PV system must be designed to withstand not only
temperature changes but also the aforementioned changes in PV
module parameters, in particular changes in electrical voltage.

II. MATERIALS AND METHODS

The to measure these characteristics in the widest possible
temperature range. Measuring in such a wide temperature range
is very complicated. The work lasted for about a year and we
gradually measured everything many times and improved the
measuring method and improved the measuring apparatus.

The PV cell based on monocrystalline silicon (Solartec SC2-
04, size 2320 mm?, thickness 0.27 mm) was used for the mea-
surement. The measurement took place in a vacuum chamber to
prevent condensation of air humidity on the cooled PV cell. We
used a single-stage rotary oil pump for pumping. The chamber
pressure was about 2000 Pa. The halogen incandescent lamp
with a reflector was the source of radiation (Osram, voltage 12V,
power 20 W, angle 36°). It illuminated the chamber through a
window of clear acrylate glass. The lamp was powered from a
stabilized source Agilent E3632A. The spectrum of this radia-
tion is continuous and is similar to that of a black body at about
2900 °C. The radiation intensity on the PV cell was 297 W m~2,
which is less than the intensity of direct sunlight, but there was
no significant heating up of the PV cell by the incident radiation.
In the case of low-temperature measurements, the PV cell was
placed on an aluminum heat exchanger. Thermally conductive
pad (Arctic Thermal pad) provided the thermal contact and
temperature homogeneity. The liquid nitrogen was the cooling
medium. The same configuration was used to measure above
room temperature, but a small-plate cooker with autotransformer
power control was the heat source. The thermal contact was
again provided by the thermally conductive pad.

The actual temperature of the PV cell was determined by
the indirect method from the temperature dependence of the
I-V characteristic of the unlit PV cell (large area photo diode).
During the measurement, the PV cell was cooled relatively
quickly. In the system, liquid nitrogen-exchanger-thermally con-
ductive paste-PV cell, there was a large temperature gradient.
Measuring the temperature at a location other than exactly in the
PV cell would be inaccurate and dependent on the cooling rate
(temperature gradient). Therefore, the temperature dependence
of the /-V characteristic of the not-illuminated PV cell on
the temperature was determined (with very slow cooling, i.e.,
with a minimum temperature gradient, using a thermocou-
ple just on the upper surface of the PV cell). This depen-
dence was then used to determine the actual temperature of
the PV cell in the experiment. The not-illuminated PV cell thus
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measured its own temperature, independent of the temperature
gradient.

The diode was calibrated as a thermometer with diode voltage
values at a constant current of 0.2 A for the entire temperature
range. We have chosen this current value because the current is
moving around this value at full illumination with the reflector.
The temperature for calibration was measured on the cell by a
K-type thermocouple probe. The diagram of the apparatus for
measurement of /-V characteristics is shown in Fig. 1.

The following four phases were repeated cyclically.

1) The PV cell is not illuminated, a constant current of 0.2 A
(Agilent source E3631A) flows through it, and the voltage
on the PV cell is load. This voltage value is used to
determine the PV cell temperature in a given measurement
cycle.

2) The PV cell is illuminated, the transistor is closed, and
open-circuit voltage V. is measured.

3) The PV cell is illuminated, the transistor is opened and
closed by a saw tooth signal (Agilent 33220A signal
source), and the voltage values V and the current / on the
I-V characteristics are measured.

4) The PV cell is illuminated, the transistor is fully opened,
and current close to short-circuit current /sc is measured.
Since aresistor is used to measure current, it is not possible
to measure up to a short-circuit current.

The data logger—Agilent 34972A—served for data
collection.

During the measurement, the PV cell was cooled relatively
quickly. In the system, liquid nitrogen/exchanger/thermally
conductive paste/PV cell, there was a temperature gradient.
Measuring the temperature at a location other than exactly in
the PV cell would be inaccurate and dependent on the cooling
rate (temperature gradient). Therefore, the temperature depen-
dence of the I~V characteristic of the not-illuminated PV cell on
the temperature was determined (with very slow cooling, i.e.,
with a minimum temperature gradient, using a thermocouple
just on the PV cell). This dependence was then used to deter-
mine the actual temperature of the PV cell in the experiment.
The not-illuminated PV cell thus measured its own temperature,
independent of the temperature gradient.

III. RESULTS

In Fig. 2, the measured /-V characteristics of the PV cell are
measured over a very wide temperature range from —170 °C to
+100 °C. Fig. 3 shows the converted P—V characteristics.

It can be seen that with increasing temperature, the open-
circuit voltage decreases and the short-circuit current increases.
Also, with increasing temperature, the maximum electrical
power supplied by the PV cell at constant radiation intensity
is reduced. Thus, the efficiency of energy conversion is also
reduced. The relationship between this behavior and the physical
theory of semiconductors is discussed below. The influence of
this behavior on the design of PV systems is discussed as well.

IV. DISCUSSION

In the available literature, we did not find measurements of
temperature dependences of the /-V characteristics of PV cells in
such a wide temperature range. For example, in the work [29],
similar dependences were measured in the temperature range
+25 °C to 480 °C. We measured similar dependences in the
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Fig. 1. Scheme of apparatus for measuring /-V characteristics.
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Fig. 2. I-V characteristics of the PV cell measured over a very wide temper-

ature range from —170 °C to 4100 °C.
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Fig. 3. Recalculated P-V characteristics in a very wide temperature range

from —170 °C to +100 °C.

temperature range — 15 °C to +35 °C [27]. Even in other works,
we did not find a measurement in the temperature interval below
—-15°C.
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Fig. 4. Scheme of energy levels of PN junction according to well-known
physical theory of semiconductors.

Fig. 4 shows a known schematic of the PN junction energy
levels according to the physical theory of semiconductors [7],
[28]. In the unlit PN junction [Fig. 4(a)], the Fermi energy level
is aligned throughout the crystal. This causes bending of the
bands and the formation of a diffusion voltage Vp, which is
compensated by the electric field at the PN junction. Outwardly,
the crystal is electrically neutral, but there is a strong electric
field inside. If photons with a higher energy than the forbidden
gap impact on the PN junction, electron—hole pairs are gener-
ated [Fig. 4(b)]. The electric field of the PN junction separates
electrons and holes. The bending of the bands is equalizing and
thus the levels of the Fermi energy E r on the semiconductor side
P and N are separated. A PV voltage Vp is generated between
the side of the semiconductor P and N, as shown in Fig. 4(b).
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Fig. 5. Changes of forbidden gap width and Fermi energy level versus temperature according to physical theory of semiconductors.
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Fig. 6. Temperature dependence of the open-circuit voltage, short-circuit current, and maximum power point of PV cell (a) and extrapolation (b).

In the band model of semiconductor energy levels at very low
temperatures, the Fermi energy level is in the forbidden gap.
On the N side, it is near the bottom of the conductive band,
and, on the P side, it is near the top of the valence band. As
the temperature rises, the Fermi energy level moves toward the
center of the forbidden gap. At the same time, the width of the
forbidden gap decreases. This is shown in Fig. 5. According to
[34], the dependence is given by the (1):

T2
E, (T)=E = 1)

g()_m'

For monocrystalline silicon, E4,(0) = 1.16 eV is the width of
the band gap at the temperature 0 K, o« = 7.02 x 107% eV K,
£ = 1108 K. Reducing the width of the band gap means that even
photons with lower energy can cause the PV energy conversion.

This reduces the open-circuit PV voltage and increases the short-
circuit current. Thus, the behavior of the -V characteristics in
Fig. 2 above is consistent with this theory.

Fig. 6 shows the temperature dependences of the open-circuit
voltage, short-circuit current, maximum power point, and ex-
trapolation. It can be seen that this dependence U, is almost
linear over a wide range of temperatures. But extrapolating this
dependence to —273 °C would give an open-circuit voltage
of about 1.28 V. The width of the forbidden gap for silicon
is approximately 1.1 eV. When the bending of the bands is
fully aligned, the difference in Fermi energy levels cannot be
greater than 1.1 eV. Thus, the open-circuit PV voltage cannot
be greater than 1.1 V. It can be seen in Fig. 6 that the curve
deviates from the linear dependence around —150 °C and its
derivative is changed to not exceed 1.1 eV at lower temperatures.
By comparing the curves in Figs. 5 and 6, it can be seen that the
approximately linear parts of these curves correspond roughly,
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and the derivative of the curve changes at both ends. The extrap-
olation of the linear part of the curve in Fig. 6 to zero PV voltage
would give a temperature value of about 260 °C. Probably there
will also be a deviation from the linear dependence, and the
energy conversion efficiency will be very small at temperatures
above 200 °C. This fact is important for PV systems with higher
radiation concentration.

Since a resistor is used to measure current and due to re-
sistance of contacts and wires, it is not possible to measure
up to a short-circuit current. The resistances are connected in
series with the PV cell. But it can be seen in Fig. 2 that the PV
characteristics were measured almost to the short-circuit current
and the temperature dependence of the short-circuit current is
evident. The I values in Fig. 6 are extrapolated.

Fig. 7 shows a comparison of the maximum power of the
PV cell at temperatures of 4100 °C and —100 °C. Roughly
at this interval, the temperatures of the PV systems can move
without the concentration of radiation on the Earth’s sur-
face. The PV systems used in space can have an even wider
temperature range. The maximum power is achieved by the PV
cell when the rectangle given by the axes and the working point
on the /-V characteristic have the largest area (see Fig. 7). It can
be seen that at a given intensity of radiation at a temperature of
4100 °C, the maximum power is 0.062 W, and at a temperature
of —100 °C, the maximum power is 0.116 W. This is roughly
double. Thus, a temperature difference of 200 °C corresponds
to a change in energy conversion efficiency of about 100%. This
means that in the temperature range that a PV system can have on
the Earth’s surface, the change in energy conversion efficiency
is about 0.5%/°C.

This effect of temperature on the efficiency of PV energy
conversion means that extreme values of solar radiation do not
necessarily mean extreme yield of the PV power plant [17]. It
would seem logical that if the sun is shining, the yield of the

Maximum power points on /-V characteristics at different temperatures —100 °C, +100 °C.

PV power plant is high and vice versa. Tropical areas have a
high intensity of sunlight (especially in Africa, Australia, and
Central America). The yield of PV power plants is good but not
excellent. The highest yields are usually found in the much more
northern and colder areas of Tibet and Mongolia with higher
altitudes. The plateaus of Chile in the Atacama Desert are also
an excellent location. Also, on the coast of Antarctica, similar
annual yields can be achieved as in subtropical areas, but here it
is appropriate to use the mentioned new-generation PV modules
for extreme climatic conditions [26].

The best regions for the operation of PV power plants are
therefore inland areas with higher altitude, high intensity of solar
radiation, and low temperature. In addition, in the case of grid-
free regions (Tibet, Mongolia), the importance of small off-grid
PV systems increases.

V. CONCLUSION

In our laboratory, we conducted measurements of /-V char-
acteristics of PV cell based on monocrystalline silicon in a
very wide range of temperatures from —170 °C to +100 °C
(see Fig. 2). So far, we have not found any measurements in such
a wide range of temperatures in the literature. On the Earth’s
surface, the temperature of the PV system without radiation
concentration can reach about —100 °C to +100 °C. But in
the case of using a PV system in deep space, temperatures
may be much lower in the whole range of values measured.
Especially, spacecraft designers need to be careful, because
higher voltage can damage devices. The behavior of the tem-
perature dependence of /-V characteristics and P—V character-
istics was discussed above in terms of the physical theory of
semiconductors (see Figs. 4 and 5). The open-circuit voltage
dependence is approximately linear over the entire temperature
range that the PV system can achieve on the Earth’s surface (see
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Fig. 6). However, at temperatures around —150 °C, saturation
occurs, which was also explained in accordance with the physical
theory of semiconductors. The decrease in energy conversion
efficiency with increasing temperature has a constant value of
approximately 0.5%/°C over the entire temperature range from
—100 °C to +100 °C (see Figs. 3 and 7).

If the PV system operates in locations with extreme climatic
conditions, especially with extreme temperature changes during
the year, the electrical voltage of the PV modules will change
significantly (up to about 60%; see Fig. 6). In the case of space
applications, these fluctuations may be even more significant,
and especially for these applications, our measurement is very
significant. The use of radiation concentrators can also signif-
icantly increase the operating temperature range. This must
be taken into account in the design of the PV system, and
the individual components must be carefully selected. Espe-
cially, electronic inverters tend to be sensitive to overvoltage
or undervoltage [30], [31]. The operating temperature of PV
modules can be also reduced by designing a water-cooled PV/PT
system [32]. PV modules can also affect the temperature of their
surroundings [33].
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