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Summary

The chapter deals with the performance of photothermal multicolor and omnicolor
converters in the Solar System. The case of four-color photothermal converters is also
considered. Both interplanetary power stations and power systems placed on the surface
of different planets are analyzed. The power stations consist of a multicolor converter —
endoreversible thermal engine combination. In case of ground based planetary stations
the thermal engine is assumed to be of the Chambadal-Novikov-Curzon-Ahlborn type.
The interplanetary stations, which are characterized by a nonlinear heat transfer between
the engine and the environment, are treated by using a simple model. The influence of
the radiation concentration on the system performance is outlined. The effect of the sun
zenith angle is also discussed. Spectral distributions of the collector and radiator
optimum temperatures are shown.
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1. Introduction

Several early studies have identified a series of advanced space missions that need
versatile, high-capacity space power systems (Angelo and Buden, 1986; NASA, 1989).
These missions include manned planetary outposts and bases for sustained operations
(hundreds of kW to MW power levels), and interplanetary cargo vehicles with
requirements in the 2-5 MW power range (Angelo and Buden, 1991). It is expected that
the development of humanity's extraterrestrial civilization and the full and complete
exploration of our Solar System will be accompanied by the extensive use of
progressively more sophisticated space power systems (Angelo and Buden, 1991). Solar
radiation is, of course, one of the main candidates as an energy source for advanced
space missions, while the omnicolor solar converters, which will be studied in this
chapter, are perhaps the highest technology we could envisage in this area. Presently,
there are two major types of solar power system used in space missions. The first type
uses photovoltaic cells to convert the solar radiation directly into electrical energy, in
combination with electrochemical storage. The second type is the so called “dynamic”
system, in which solar concentrators reflect the flux of solar radiation towards a
collector where a working fluid is heated up to drive conventional thermal engines.
Electrical energy could then be generated by alternators coupled to these engines. Both
types of solar power system will be considered in this chapter.

2. Omnicolor Photothermal and Photovoltaic Converters

Various authors have proposed different ways to convert solar energy into useful work.
In the case of photovoltaic conversion, Shockley and Queisser (1961) treated a single
cell (i.e. consisting of a single gap semiconductor). They have calculated a
thermodynamic efficiency limit of 30% for such a cell. However, it has been soon
realized that the use of a system involving more than one energy gap should enable to
produce solar cells having much higher efficiencies.

It is believed that the highest efficiency can be realized by an infinite stack of p-n
junctions with smoothly varying band gaps from infinity to zero, such that there is a
single junction adapted to each frequency in the solar spectrum. In the system proposed
by De Vos (1980) all individual cells are selective black bodies such that the photons of
frequency v of the solar spectrum are completely absorbed by the cell with bandgap
E, =hv. Such a system is denoted as a “fully selective” or “omnicolor” photovoltaic

converter. Useful approximations for their mathematical treatment were proposed
subsequently by Grosjean and De Vos (1981). A small error in the model was corrected
by De Vos and Pauwels (1981) and Pauwels and De Vos (1981) who outlined a simple
relation between the Carnot efficiency of thermodynamic engines and photovoltaic
energy conversion. A new improvement of the model was performed by De Vos and
Vyncke (1983) who introduced the influence of the ambient radiation and proved that
both photovoltaic and photothermal “omnicolor converters” (a denomination which they
proposed) have the same maximum efficiency. The influence of radiation concentration
on the efficiency of omnicolor converters was studied by Haught (1984). Note that the
geometric factors affecting the ambient radiation incident on the collector have to be
corrected in that paper. However, this error has little influence on the results. Some of
the above papers were reviewed in two books (Sizmann, 1990; De Vos, 1992).
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This chapter provides an introduction to the thermodynamics of photothermal (PT) and
photovoltaic (PV) omnicolor converters (Badescu and Dinu, 1995). A unifying
approach is also presented (Badescu, 2017).

Usage of highly (or even fully) selective collectors is more attractive for cosmic
applications than for Earth applications. Indeed, the risks and lack of chance to correct
possible damage during space missions require the usage of the most sophisticated
human technologies. From this point of view multi-junction cells are serious candidates
(Toussaint, 1991; Verie et al., 1991). This chapter deals with the performance of
omnicolor converters in the Solar System. Both photothermal and photovoltaic
converters are envisaged. Our analysis refers, on one hand, to interplanetary space
power stations and, on the other hand, to power systems placed on the surfaces of
different planets. The influence of radiation concentration on system performance is
outlined for some cases of practical interest. The effect of the radiation incidence angle
is also discussed. Spectral distributions of the thermal collector optimum temperature
and photovoltaic cell optimum voltage have been presented for the first time by
Badescu (1995).

2.1. Omnicolor Photothermal Converters

The maximum conversion efficiency with a thermal system is obtained, in the limit,
with an infinite collector array, as shown in Figure 2. Each radiation splitter selects from
the (concentrated) radiation spectrum the photons from a narrow band of width dv
around a given frequency v used to heat a collector that absorbs and emits around that

frequency. This collector has a temperature T (v) and its absorptance a(v) is
supposed to be given by

a(v)={1 forve[v—dv/Z,v+dv/2]l M

0 for all other frequencies

The spectral irradiance ¢ from a source of blackbody radiation at temperature T may
be written in the form:

$T) =210 T), @)
T

where B is the geometric factor and

1L, T) = 2253 {exp (:—;j —1] 3)

is Planck*s distribution.
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Figure 2. Omnicolor PT converter.

The net thermal flux Q,(v) supplied by the collector of surface area A at temperature
T, (v) toward its accompanying heat engine is supposed to be given by

QM A=4(-T)+4.0nT) -4 [v.T.(v)], ()
where the subscripts s, a, and c refer to the Sun, ambient, and collector, respectively.
The first two terms from the right-hand side of Eq. (4) represent the incident solar and
ambient radiation, respectively, while the last term is the flux of radiation emitted by the
collector. In a first approximation, the Sun can be considered as a source of isotropic
radiation. In this case, T ~5760 K. Figure 1 illustrates the gemometry of local setup
and of the location of the collector on the planet with reference to the Sun.

The following equation applies for the geometric factor of the Sun:
B, (©,6,) =7 b*(€,)cosb,, (5)

where:
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Figure 1. Geometry of the local setup and of the location of the collector on the planet
with reference to the Sun

Here, Q. is the solid angle subtended by the Sun when viewed from the receiving
surface, while g, is the angle between the normal of the receiving surface and the

direction to the center of the solar disc (i.e., the Sun’s zenith angle). Also, ¢ is the half-
angle of the cone subtended by the Sun. Equation (5) can be used only when the
following condition is fulfilled,

O, +5<ml2, ()
that is, when the sun is completely visible.

When unconcentrated direct solar radiation is considered, the solid angle €3, subtended
by the Sun can be computed by Eqg. (6), by taking into account the simple geometrical
relationship & =tan™ (R, /d) where R (~6.9599-10°km) is the Sun's radius and d is
the distance of the Sun from the earth) as viewed from the collector. (The sun is seen
from the earth at an average angular diameter of 0.5334 degrees or 9.310x10°radians.
The solid angle subtended by a cone with an apex angle 26 , Q=27r(1—c055)
=6.807x107° steradians or 0.000542% or 5.42 ppm.) (Figure 1) . In the case of

concentrated radiation, first we observe that in the presence of the concentrator, the Sun
is viewed from the collector surface as having an enlarged solid angle (say Q_). The

concentration ratio C is naturally defined as (Landsberg and Baruch, 1989):
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B, (Q
C =
B,(Q

- , (8)

s

that is, the ratio between the geometric factors of the concentrated and the
nonconcentrated radiation, respectively, both evaluated at normal incidence (6, =0).

By using Egs (5-8), one obtains

Q,(47-9Q,)

“Ta(ar-0) ®

Consequently, for a given distance to the sun and concentration ratio C, Eq. (9) can be
used to compute the enlarged solid angle ;. Then, the energy flux density ¢, (v,T,)

can be evaluated by means of Eq. (2). The geometric factor B, of the ambient radiation
flux is given by Landsberg and Baruch (1989):
B,=7—-B.. (10)

a S

Note that Eq. (10) is rigorous in the case of concentrated solar radiation, when the
concentrator mirror covers part of the celestial vault (Badescu, 1992). However, this
equation is a very good approximation in the case of unconcentrated radiation too,
because of the negligible value which B has in this case (at the mean Earth-Sun

distance B, ~6.83x10" °). Equation (10) was accepted by several authors (De Vos and
Vyncke, 1983; Haught, 1984). Haught (1984) adopted the following assumption:
B, = 7. We proved that each of the two hypotheses is valid under special circumstances

(Badescu, 1992). Throughout this section, we accept Eg. (10) because Haught’s
assumption B, =z could lead to significant error for large values of C .

The collector is supposed to emit radiation toward the whole hemisphere (Q=27);
consequently, its geometric factor is B, (Q =27,6, =0) =, as Eq. (5) shows. By using
Egs. (2), (3) and (10), we obtain the net thermal flux Q,(v) entering the thermal engine
working at frequencyv :

E exp k -1 ;
27Z'hl/3 2 kTs

= a(v) . e (12)
(4o ] ol
p/a KT, KT,

If we take into account Eqg. (1), we see that this engine uses the energy of solar radiation
in a narrow range around frequency v only. Of course, the neighboring engines use the
radiation from other infinitesimal frequency intervals. In this section, the thermal
engines are supposed to be of Carnot type. The power provided by the engine working

QW) A=
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at frequency v is given by Wdv = Q (V). dV , Where 7, is Carnot efficiency.
Consequently, the mechanical power W, supplied by the array of monochromatic

converters (i.e., by the whole omnicolor converter) can be obtained by summing up the
contributions of all thermal engines:

. 2. R T,
W, = ! W (v)dv = ! Q,(v) {1_-&(\/)}1\/' (12)

Remember that Q,(v) is a function of T, (v) The maximum power supply W, can be

ot,max
obtained by optimizing the collector temperature Tc(v) for conversion of the radiation

of frequency v . Consequently, to obtain the maximum power we have to solve the
following equation:

Wi ~0, (13)
aT.(v)

and then replace its root (Sach,opt(V)) in Eg. (11). The maximum efficiency of the
omnicolor PT is simply given by

W, W,
77p'r,max = tot,max tot,max . (1 4)

0

"B
= 5T4
!qﬁs(v)dv 0T,

An omnicolor PT converter yields 7, .., = 0.868 for terrestrial applications, and even

higher efficiencies in case of some space applications (due to the lower environmental
temperature).

TO ACCESS ALL THE 39 PAGES OF THIS CHAPTER,
Visit: http://www.eolss.net/Eolss-sampleAllChapter.aspx

Bibliography

Angelo J.A., D. Buden, D. (1986). A 21st Century nuclear power strategy for Mars (IAF-86-322). 37th
IAF Congress, Innsbruck [This article provides an early perspective on the usage of nuclear energy on
Mars.]

Angelo J.A., D. Buden D. (1991). The nuclear power satellite (NPS) - key to a sustainable global energy
economy and solar system civilization. Proc. SPS'91, pp. 117-124, Paris. [This article proposes the
nuclear energy as an energy source for satellites in the solar system.]

©Encyclopedia of Life Support Systems (EOLSS)


https://www.eolss.net/ebooklib/sc_cart.aspx?File=E6-107-13

SOLAR CO-GENERATION OF ELECTRICITY AND WATER, LARGE SCALE PHOTOVOLTAIC SYSTEMS - Comparison of
Optimization of Multicolor and Four-Color Photothermal Power Plants In The Solar System - A Review - Viorel Badescu

Badescu, V. (1992). Thermodynamics of the conversion of partially polarized black-body radiation,
Journal of Physics Il France, 2, 1925-1941. [This article is one of the few articles treating the
thermodynamics of partially polarized black-body radiation.]

Badescu V. (2017). Thermodynamics of Photovoltaics. Reference Module in Earth Systems and
Environmental Sciences, Elsevier, pp. 1-39; doi: 10.1016/B978-0-12-409548-9.04806-5. [This material
may be used as a reference. It starts with elementary statistical physics and defines the main performance
indicators to be used in the field of solar cells.]

Badescu V. (2018). How much work can be extracted from diluted solar radiation? Solar Energy, 170,
1095-1100. 10.1016/j.solener.2018.05.094. [In this article there is a clear presentation of the upper
bounds for the efficiency of converting solar energy into work. The realistic case of partially concentrated
solar radiation is covered. The article contains results to be used in practice.]

Badescu V., Dinu C. (1993). Solar Energy flux and the maximum efficiency of solar thermodynamic
power generation in our planetary system. Space Power, 12(3-4), 151-164. [This article provides a
general perspective for solar energy utilization in the solar system.]

Badescu V., Dinu, C. (1995). Maximum performance of omnicolor photothermal and photovoltaic
converters in our planetary system. Renewable Energy, 6(7), 765-777. [This article contains definitions of
omnicolor solar converters and evaluates their efficiency by using classical thermodynamics.]

Badescu V., Dinu, C. (1996). Optimization of multicolor photothermal power plants in the solar system: a
finite-time thermodynamic approach. J. Phys Il France, 6, 143-163. [This article is unique in the sense
that more realistic performances of the omnicolor converters are obtained by using finite-time
thermodynamics.]

Bejan A. (1996), Entropy generation minimization: The new thermodynamics of finite-size devices and
finite-time processes. J. Appl. Phys., 79(3), 1191-1218. [This is an important review paper presenting the
basics of finite-time thermodynamics and the most important applications.]

Castans M. (1986). Bases fisicas del aprovechamiento de la energia solar, Rev. Geofisica, 35, 227. [This
article is the original reference for a formula to be used when the solid angle of a radiation source with
axial symmetry is to be evaluated.]

Chambadal P. (1957) Les centrales nucléaires. Armand Colin, Paris, France. [This book contains the
original derivation of what is now known as the Chambadal efficiency.]

Curzon F., Ahlborn B. (1975). Efficiency of a Carnot engine at maximum power output. Am. J. Phys., 43,
22-24. [This article contains the original derivation of what is now known as the Curzon-Ahlborn
efficiency.]

De Vos A. (1980). Detailed balance limit of the efficiency of tandem solar cells. J. Phys. D: Appl. Phys.
13, 839-846. [This is a seminal paper treating thermodynamics of tandem solar cells].

De Vos A. (1985). Efficiency of some heat engines at maximum power conditions. Am. J. Phys., 53(6),
570-573. [This article uses classical thermodynamics concepts and estimates the maximum performance
of several thermal engines.]

De Vos A. (1987). Reflections on the power delivered by endoreversible engines. J. Phys. D, 20, 232-236.
[In this article finite-time thermodynamics concepts are used in the field of heat engines.]

De Vos A. (1992). Endoreversible Thermodynamics of Solar Energy Conversion. Oxford University
Press, Oxford. [This book is unique in the sense that it provides a systematic point of view on solar
energy conversion by using tools of finite-time thermodynamics.]

De Vos A., H. Pauwels H. (1981). On the thermodynamic limit of photovoltaic energy conversion. J.
Appl. Phys. 25, 119-125. [In this seminal paper the question of the maximum efficiency of solar energy
conversion into electrical energy is addressed.]

De Vos A., Vyncke D. (1983). Solar energy conversion: Photovoltaic versus photothermal conversion.
Proceedings of the 5th E. C. Photovoltaic Solar Energy Conference. pp.186-190 Athens, Greece. [In this
article a comparison is made between the maximum performance of photothermal and photovoltaic
conversion.]

©Encyclopedia of Life Support Systems (EOLSS)



SOLAR CO-GENERATION OF ELECTRICITY AND WATER, LARGE SCALE PHOTOVOLTAIC SYSTEMS - Comparison of
Optimization of Multicolor and Four-Color Photothermal Power Plants In The Solar System - A Review - Viorel Badescu

Dinu C., Badescu V. (1998). Optimization of four-colour photothermal converters used for power generation
on interplanetary stations. Int J Energy Res, 22, 857-866. [The realistic case of four-color photothermal
converters is analyzed in this paper by using a detailed analysis.]

Duffie J.A., Beckman W.A. (1974). Solar energy thermal processes, Wiley, New York. [This is the first
edition of a popular classical book dealing with solar energy conversion into thermal energy. Several
more recent editions are also available].

Green M.A. (2003). Third generation photovoltaics: Advanced solar energy conversion. Springer, New
York. [In this book the concept of third generation photovoltaic cells has been proposed. Various
applications are covered in this book.]

Green M. A., Emery K., Bucher K., King D. L., Igari, S. (1996). Solar cell efficiency tables (\Version 8),
Progress in Photovoltaics Research and Applications, 4, 321. [This article is part of a series where recent
experimental results concerning the efficiency of solar cells are presented.]

Green M. A., Emery K., Bucher K., King D. L., Igari, S. (1997). Solar cell efficiency tables’ (Version 8).
Progress in Photovoltaics Research and Applications, 5, 265.. [This article is part of a series where recent
experimental results concerning the efficiency of solar cells are presented.]

Grosjean C.C., De Vos A. (1981). On the upper limit of the efficiency of conversion in tandem solar cells.
J. Phys. D: Appl. Phys. 14, 883-894. [In this article the upper bound of the tandem solar cells efficiency is
evaluated.]

Haught A.F. (1984). Physics considerations of solar energy conversion. J. Solar Energy Engng. 106, 3-15.
[This article contributed to the discussion about the maximum efficiency of solar energy conversion into
work.]

Hoogendoorn C. J. (1986) Optical properties of selective layers, in solar energy utilization. Fundamentals
and applications’, (Eds. Yuncu, H., and Kilkis, B.), ASI Proceedings, EIEI Printing Shop, Ankara, p. 26-
61. [The authors of this material collected information about the optical properties of selective layers with
application in solar energy utilization.

Jeter S.M. (1986). The second law efficiency of solar energy conversion. J Solar Energy Engng., 108, 78-
80. [This article contributed to the discussion about the maximum efficiency of solar energy conversion
into work.]

Kazmerski L. L. (1997). Photovoltaics: A review of cell and module technology. Renewable and
Sustainable Energy Reviews. 1(1/2), 71-170. [This review article presents fundamental concepts in the
field of solar cells technologies.]

Kolin I. (1984). Low temperature difference Stirling engine. Proceedings of the 19th Intersociety Energy
Conversion Engineering Conference, paper 849029, San Francisco. [In this article Stirling engines
operating at small difference of temperature between heat reservoirs are presented and discussed.]

Landsberg P.T. (1977). A note on the thermodynamics of energy conversion in plants, Photochemistry
and photobiology. 26, 313-314. [The thermodynamics of photochemical energy conversion is presented in
this short note.]

Landsberg P.T., Badescu V. (1998). Solar energy conversion: List of efficiencies and some theoretical
considerations. Part Il — results. Progress in Quantum Electronics. 22, 231-255. [This article is the second
part of a paper collecting experimental results associated with different solar cell technologies.]

Landsberg P.T., Baruch P. (1989).The thermodynamics of the conversion of radiation energy for
photovoltaics. Journal of Physics A. 22, 1911-1926. [This article contributed to the discussion about the
maximum efficiency of solar energy conversion into work.]

Landsberg P.T., Mallison J.R., (1976). Thermodynamics constraints, effective temperatures and solar
cells. Coll. Int. I'Electricite Solaire, CNES, Tolouse, pp. 27-35. [This article contains the original
derivation of what is now known as the Landsberg efficiency.]

Lunine J.1. (1993). Does Titan have an ocean ? A review of current understanding of Titan's surface. Rev
Geophys. 31(2), 133-149. [This article collects observations related with the surface of Titan and provides
interpretations.]

©Encyclopedia of Life Support Systems (EOLSS)



SOLAR CO-GENERATION OF ELECTRICITY AND WATER, LARGE SCALE PHOTOVOLTAIC SYSTEMS - Comparison of
Optimization of Multicolor and Four-Color Photothermal Power Plants In The Solar System - A Review - Viorel Badescu

NASA (1989). NASA's need for advanced nuclear power sources. NASA Head-quarters (Office of
Aeronautics and Space Technology). [This report provides an early perspective on the utilization of
nuclear energy in space.]

Novikov I.1. (1958). The efficiency of atomic power stations (a review). Journal of Nuclear Energy. 7 (1-
2), 125-128. d0i:10.1016/0891-3919(58)90244-4. [This article contains the original derivation of what is
now known as the Novikov efficiency.]

Pauwels H., De Vos A. (1981). Determination and thermodynamics of the maximum efficiency
photovoltaic device. Proceedings of the 11th IEEE Photovoltaic Specialists Conference, p. 377-378
Orlando, FL, USA. [This article contributed to the discussion about the maximum efficiency of solar
energy conversion into work by using photovoltaic cells.]

Petela R., (1964). Exergy of heat radiation. Trans. ASME Heat Transfer. 86, 187-192. [This article
contains the original derivation of what is now known as the Petela efficiency.]

Rubin M. (1979). Optimal configuration of a class of irreversible heat engines. Phys. Rev. A. 19, 1272-
1276. [This is a seminal paper where the performance of thermal engines are estimated by using
irreversible thermodynamics.]

Shockley W., Queisser H.J. (1961). Detailed-balance limit of efficiency ofp-n junction solar cells. J. Appl.
Phys. 32, 510. [This is the original paper where the Shockley-Queisser formula has been proposed.]

Sizmann R. (1990). Solar radiation conversion. In Solar Power Plants, C. I. Winter, R. Sizmann and L.
Vant-Hull (eds) Chap. 2. Springer, Berlin. [This chapter provides an introduction on solar energy
conversion into thermal energy and work.]

Toussaint M. (1991). Energy transmissions in space: an enabler technology. Proc. SPS'91, pp. 285-295,
Paris. [This article deals with technology aspects related with energy transmission in space.]

Verie C., Saletes A., Leroux M., Leycuras A., Freundlich A., Gibart P., Deschamps L. (1991). Novel high
efficiency multispectral photovoltaic structures for solar energy conversion in space. Proc. SPS'91, pp.
403-410, Paris. [This article provides an early perspective on multispectral conversion of solar energy
into electrical energy.]

Biographical Sketch

Viorel Badescu is Professor of Engineering Thermodynamics and affiliated with Candida Oancea
Institute at Polytechnic University of Bucharest. His mainstream scientific contributions consist of more
than 300 papers and 40 books related to various fields in science and engineering. Most of his research
areas refer to terrestrial and space solar energy applications, including research on photo-thermal energy
conversion by flat plate collectors and solar power plants, the physics of radiation, photovoltaic
conversion of solar energy and solar radiation properties and solar radiation distribution and forecasting.
Other fields of interest are statistical physics and thermodynamics, the physics of semiconductors, and the
optimal control of thermal engineering processes. Also, he has theorized on present-day Mars
meteorology and Mars terraforming and on several macro-engineering projects. He was/is Associate
editor and member of the editorial boards of several international journals including Space Power, Energy,
Renewable Energy and Journal of Energy Engineering and he is acting as a reviewer for more than 50
international journals. He is member of 8 scientific societies including the International Solar Energy
Society and the European Astronomical Society. He received four awards including the Romanian
Academy Prize for Physics in 1979. He is member of the Romanian Academy.

©Encyclopedia of Life Support Systems (EOLSS)



