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Abstract: Solar spectral irradiance covers a fairly broad wavelength range. Solar radiation is part of the electro-
magnetic spectrum which is described by the concept of wave-particle duality. The corpuscular theory of electro-
magnetic radiation states that energy is transmitted by photons. Photons carry specific amounts of energy which
can be used to convert solar energy into other types of energy, in particular electricity.

The internal photoelectric effect is important for the conversion of solar energy to electricity because the efficien-
cy of the external photoelectric effect is too low. Every quantum of solar energy also carries a certain amount of
energy which can be converted into heat energy.

The objective of the paper is to analyze and compare the efficiency of solar energy conversion in photon and ther-
mal processes, to review the technological advances made in this field, and to indicate potential directions for the

development of systems converting solar energy to electricity.
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INTRODUCTION

Direct conversion of solar energy is an important
aspect in the generation of renewable energy. The
main emphasis is on solutions that directly con-
vert solar energy to electricity, and these types of
applications will be discussed in this paper.

Solar energy can be converted to electricity
by relying on the particle nature or wave nature
of radiation. In processes that rely on particles of
solar energy, a single quantum is converted into
a specific amount of electrical energy. Conversion
processes that rely on the energy of single photons
involve external and internal photoelectric effects.
The internal photoelectric effect is widely used in
photovoltaic cells, whereas the external photoelec-
tric process has very few practical applications.

The wave nature of solar radiation does not
have discrete properties which characterize the
particle nature of light. Regardless of wavelength,
the energy carried by solar radiation can always
be converted to thermal energy and, consequently,
to electricity. Solar thermal energy is directly con-
verted to electricity in a thermoelectric process
which involves thermionic emission or a combi-
nation of various phenomena. Solar thermal en-
ergy can be converted to electricity in mechanical
and thermodynamic systems, but solutions of this
type will not be reviewed in this paper.

Photon and thermal processes involved in the
direct conversion of solar radiation to electricity
will be discussed to analyze the potential efficien-
cy of energy conversion systems and the techno-
logical progress made in this field.
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The discussed subject attracted the researchers’
interest because the thermal processes involved in
the conversion of solar energy are characterized
by higher efficiency than photon processes and
could play a leading role in the conversion of solar
energy to electricity in the future

ENERGY CARRIED
BY SOLAR RADIATION

The energy carried by solar radiation is illustrat-
ed in Figure 1 (Thekaekara 1976). The diagram in
Figure 1 features three curves. One of them de-
scribes the spectral irradiance of solar radiation
outside the Earth’s atmosphere. When irradiance
is summed up in all wavelengths, the result will be
the overall energy carried by solar radiation out-
side the Earth’s atmosphere. The radiation flux is
estimated at 1360 W/m’, and it is referred to as the
solar constant. Solar energy can be summed up in
stages, from the shortest to longer wavelengths.
The resulting curve is presented in Figure 1, and it
illustrates the part of the total radiation flux, i.e. the
solar constant, which covers different wavelengths.
The curve demonstrates that nearly the whole of
the solar electromagnetic radiation is found be-
low the wavelength band of 2 micrometers. The
diagram in Figure 1 also illustrates the theoretical
distribution of electromagnetic radiation emitted
by a blackbody in a thermal equilibrium at a tem-
perature of 6050 K according to Planck’s law.

2400

The energy flux of the spectral irradiance of
solar radiation reaching the Earth’s surface is
somewhat smaller than the energy flux reaching
the upper limit of the atmosphere because the
solar beam is weakened as it crosses the atmos-
phere. As a result, the radiation flux incident on
a plane perpendicular to the solar rays depends on
the Earth position and for AM1.5G is standard-
ized at 1000 W/m” as compared to 1360 W/m, be-
fore it enters the atmosphere. Detailed reasons for
changes in the energy flux of spectral irradiance
in the atmosphere will not be discussed in this
paper and can be found in the existing literature
(Thekaekara 1976, PV Measurements, on-line).

High-efficiency solar energy harvesters have to
convert the greatest possible amount of solar ra-
diation reaching the Earth’s surface into usable
energy. A converter that transforms nearly all of
the available solar energy into usable energy, such
as electrical energy, would be the ideal solution.
The most advanced solar energy conversion sys-
tems rely on photon processes in photovoltaic di-
odes. Considerable progress has also been made
in conversion systems that rely on thermoelectric
phenomena, thermionic emission and photoemis-
sion. The efficiency of photon, thermoelectric and
thermionic emission processes in converting so-
lar energy to electricity will be analyzed in suc-
cessive sections of this paper. Their potential and
practical applications in future solutions will also
be discussed.
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Fig. 1. Spectral irradiance of solar radiation outside the Earth’s atmosphere (A); radiation flux as a function of wavelength,
counting from the shortest waves (B); distribution of electromagnetic radiation emitted by a blackbody at a temperature of

6050 K according to Planck’s law (C) (Thekaekara 1976)
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PHOTON PROCESSES
OF CONVERTING SOLAR
ENERGY TO ELECTRICITY

In photon processes, the amount of solar energy
that can be converted to electricity is limited by
the amount of energy carried by a photon. In an
internal photoelectric process, this limit is de-
noted by the band gap in a semiconductor (Peters
et al. 2010, Congreve et al. 2013), in organic ma-
terials with exciton binding energy (De Vos 1980,
Sze & Ng 2006), whereas in an external photoelec-
tric process — by the work function of the material.
In every process, the conversion of photon energy
to electricity is most efficient for photons whose
energy is somewhat higher than threshold values,
and this efliciency decreases with an increase in
photon energy. To date, the efficiency of systems
that convert solar energy to electricity by rely-
ing on the external photoelectric effect or organ-
ic photovoltaic cells has never exceeded 12%. The
methods that can be used to increase the efficiency
of such systems will not be discussed in this paper.
The potential applications of the internal photo-
electric effect in inorganic semiconductors, which
contributes to relatively high conversion efficien-
cy, will be evaluated in this section. At present, the

conversion efficiency of multi-junction photovol-
taic cells reaches 46% under laboratory conditions
(a triple-junction cell developed by Soitec and the
Fraunhofer Institute for Solar Energy Systems).
Such high conversion efficiency was achieved by
relying on a broad wavelength range of solar radi-
ation. Multi-junction cells were selected to utilize
the broadest possible spectrum of solar radiation.
The spectral efficiency of a triple-junction photo-
voltaic cell is illustrated in Figure 2.

The spectral efficiency of the photovoltaic cell
presented in Figure 2, which absorbs solar radia-
tion in the wavelength range of 300 nm to 1800 nm
via three cells aligned parallel to the Sun’s rays.
The spectral range represented by spectral effi-
ciency curves in Figure 1 contains nearly 90% of
solar energy. For this reason, and due to the highly
efficient processes of converting photon energy in
broadband multi-junction photovoltaic cells, ex-
perimental conversion efficiency reaches 46%. The
theoretical efficiency of photovoltaic cells contain-
ing an infinite number of junctions is estimated at
68% under exposure to non-concentrated sunlight
and 87% under exposure to concentrated sunlight
(Shockley & Queisser 1961). However, such values
are unlikely to be achieved in practice, even in the
distant future, due to significant energy losses.
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Fig. 2. Spectral efficiency of a GaInP/GaAs/Ge triple-junction photovoltaic cell (Marius et al. 2010)
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In single-layer cells, the maximum theoretical
efficiency of sunlight to electric energy conversion
is estimated at 33.7% under exposure to the AM
1.5 spectrum and the optimal bandgap of 1.37 eV
(PV Measurements, on-line). The efficiency of sin-
gle-layer cells made of crystalline silicon reached
25% under laboratory conditions (Pope & Swen-
berg 1999). Multi-junction cells are more expen-
sive than single-layer cells, and they are cost-ef-
ficient only when photovoltaic cells have a small
surface area. This can be achieved by concentrat-
ing the sunlight reaching the solar panel. The
above values were given as a general representation
of the conversion efficiency of photovoltaic cells.

THERMAL PROCESSES
OF CONVERTING SOLAR
ENERGY TO ELECTRICITY

An analysis of processes during which solar ener-
gy is converted to other types of energy should ac-
count for the fact that solar radiation can be trans-
formed into heat energy over the entire spectrum.
The whole of the energy carried by solar radiation
is captured in the process of converting sunlight
to thermal energy but efficient conversion of the
absorbed heat to electricity poses the main prob-
lem. The latest technological advances indicate
that thermal energy can be directly converted to
electricity with very high efficiency. At present,
processes based on thermal energy can compete
with photon processes which are involved in the
conversion of solar energy to electricity as part of
the internal photoelectric effect. Those processes

will be discussed in greater detail in successive
parts of this section.

Thermal energy can be effectively converted to
electricity in a thermoelectric process (Seebeck ef-
fect) and a thermionic emission process. Systems
that convert heat to electricity are shown in the
diagrams below. A diagram of a solar thermoelec-
tric generator is presented in Figure 3, and a ther-
mionic generator is shown in Figure 4.

In a thermoelectric generator, the conversion
of thermal energy to electricity relies on the See-
beck effect, and in a thermionic generator - on the
process of thermionic emission from materials
with a high temperature.

When thermal energy captured from solar ra-
diation is converted into any type of energy, the
maximum energy conversion efficiency is ex-
pressed by the following formula (Pope & Swen-
berg 1999, Quintana et al. 2013):

o-T} T
— 1_ R 1_ amb 1
L N s x

where T, is receiver temperature, T, , is ambient
temperature, P__is the energy flux absorbed from
solar radiation, and o is the Stefan-Boltzmann
constant.

Expression (1) has two terms. The first is deter-
mined by the loss of energy from a heat receiver
due to thermal radiation, and the second follows
from the second law of thermodynamics. The two
terms determine the efficiency of thermal energy
conversion to electricity. Thermal radiation of the
heat receiver, warmed by solar radiation, plays an
important role in the conversion process.

External electric circuit

Fig. 3. Diagram of a solar thermoelectric generator (adapted from Bell 2008)
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Fig. 4. Conversion of solar energy to electricity by thermionic emission (adapted from Meir et al. 2013)

The term which follows from the second law
of thermodynamics causes conversion efficiency
to increase with a rise in receiver temperature,
whereas the first term in formula (1) has the oppo-
site effect. The two terms produce extreme values
of conversion efficiency as a function of tempera-
ture. The selection of an optimal temperature for
specific system parameters significantly increases
conversion efficiency. For example, in an ideal en-
vironment with a concentration factor of 1000x
and ambient temperature of 300 K, maximum
conversion efficiency is achieved when the tem-
perature of the receiver is 1107 K. Under the above
conditions, conversion efliciency is 66.7%, which
is extremely high for a process where thermal en-
ergy is converted to electricity or other types of
energy.

The above efficiency could be achieved if so-
lar energy could be converted to electricity in its
entirety. In practical applications, efficiency is
defined as electric energy generated through the
load circuit from thermal energy absorbed by the
hot junction. In this case, efficiency is determined
by the electrical parameters of the energy con-
verter.

In a thermoelectric process (Fig. 3), the maxi-
mum energy conversion efficiency is expressed by
the following formula (Meir et al. 2013, Bell 2008):

T, T, N1+ZT -

Ty 1+ ZT +

—

Minax = )

2 |33

where ZT is determined by the properties of the

material in the Seebeck effect and is expressed as:

7= 3)
A

In the above formulas, T}, is the temperature of
the hot junction, T, is the temperature of the cold
junction, d is the electrical conductivity of a ma-
terial with Seebeck coefficient S, A is the thermal
conductivity of a material, and T is the average
temperature of that material. The typical value of
ZT in materials used in thermoelectric processes
ranges from 1 to 3, but it can be much higher for
some materials, such as graphene which has a ZT
of 20 (Schwede et al. 2010).

The efficiency of thermal energy conversion
in thermoelectric processes increases with tech-
nological progress. At present, energy conversion
efficiency in a thermoelectric process is not very
high and ranges from 5% to 10%, but values up to
30% are expected in the near future (Baranowski
et al. 2012).

In the Seebeck effect, electricity is gener-
ated when a temperature gradient applied in
a semiconductor causes charge carriers to diffuse.
A completely different mechanism is involved in
the generation of electricity in thermionic emis-
sion. In this process, electricity is produced when
a hot cathode emits electrons into the vacuum
(Fig. 4). The electrons emitted by a thermionic
cathode have energy which generates electricity
in a circuit. Total current density resulting from
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thermionic emission is given by the Richardson-
Dushman equation:

J=ATexp(- %) )

where A is the Richardson constant, T is tempera-
ture in degrees Kelvin, ¢ is the work function of
the cathode material, and k is the Boltzmann con-
stant. The above formula indicates that the emit-
ted electron current will increase with a rise in the
temperature of the emitter. The work function of
the emitter plays a very important role because it
has an exponential effect on current density. The
production of a stable electron emitter with a low
work function is a technological challenge in this
field of research.

A formula describing the current-voltage char-
acteristics and the efficiency of thermal energy con-
version to electricity for a thermionic diode is more
complex because current is strongly dependent on
voltage and because current flowing through the
diode is limited by spatial charge. Various methods
have been proposed for overcoming these techno-
logical barriers in the process of designing thermi-
onic diodes that convert thermal energy to elec-
tricity (Dragoman & Dragoman 2007, Bell 2008,
Snyter 2008, Schwede et al. 2010, Baranowski et al.
2012, Meir et al. 2013, Segev et al. 2015).

A combination of thermoelectric and photoe-
lectric processes appears to be a highly efficient op-
tion for converting solar energy to electricity. This
solution is known as photon-enhanced thermion-
ic emission (PETE) which relies on both thermal
emission and photoemission of electrons from
a cathode to generate electricity in a closed circuit.
At present, the conversion efficiency of such sys-
tems ranges from 7% to 15% (Meir et al. 2013). The
efficiency with which solar energy is converted to
electricity will continue to increase as new ad-
vancements are made in thermionic cathode de-
sign. The predicted theoretical energy conversion
efficiency of a PETE system is compared with the
theoretical efficiency of a single photovoltaic cell
in Figure 5 (Meir et al. 2013).

Figure 5 indicates that the combined use of
photon and heat fractions of solar radiation in-
creases energy conversion efficiency. The resulting
conversion efficiency exceeds the theoretical effi-
ciency of a single photovoltaic diode.
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Fig. 5. Relationship between the theoretical power conversion
efficiency of photon-enhanced thermionic emission (PETE) at
various concentration factors and the work function of cath-
ode material. The dotted line represents the efficiency of an
ideal photovoltaic cell with a concentration factor of 3000x.
The box inside the chart presents the percentage of the pho-
ton fraction and the heat fraction for a thermionic diode with
a concentration factor of 1000x

CONCLUSIONS

The potential methods for directly converting so-
lar energy to electricity have been analyzed. The
results indicate that after a period marked by the
rapid development of photovoltaic cells, future so-
lutions will rely on electron emission from mate-
rials, in particular proton-enhanced thermionic
emission (PETE). The development of solar energy
harvesters based on PETE requires advancements
in thermionic cathode design, in particular with
the involvement of nanotubes and fullerenes. Those
technologies can be deployed only in concentrated
solar power systems. As an additional advantage,
these solutions can simultaneously rely on various
mechanisms of solar energy conversion, including
photovoltaics and thermionic emission, which sig-
nificantly increases energy conversion efficiency.
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