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NOMENCLATURE

A(T) temperature-dependent coefficient, 2w(kT)3/(hc)?

Eo energy threshold of a quantum device

£, cutoff energy of a quantum device

E incident radiation energy flux

E! re-radiated energy flux

%RAD free energy flux of the radiation field

h | Planck's constant

H(n) entropy dependence on the photon distribution, (1+n)
(1+n) - n 2an(n)

k Boltzmann's constant

n(z) photon distribution function, (eZ - 1)-!

6 heat flux

Rsun radius of the Sun

REarth orbit Mmean radius of Earth orbit

S incident radiation entropy flux

St re-radiated entropy flux

§int entropy flux arising from internal irreversibilities
T absolute temperature

TR quantum device operating temperature
Ts source temperature

W flux of useful work

z normalized energy parameters, hv/kT

Z, normalized energy parameter, hvy/kT

z, normalized energy parameter, hv,/kT

Y dilution constant (Rsun/Rearth orbit) >

A difference operator

i

in



efficiency evaluated at z

efficiency of a quantum device with a threshold z; and a
cutoff z;

maximum conversion efficiency by a non-quantum device
radiation frequency

radiation frequency at threshold energy
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SUMMARY

The second law of thermodynamics imposes a strict limitation to the
energy converted from direct solar radiation to useful work by a quantum
device. - This limitation requires that the amount of energy converted to
useful work (energy in any form other than heat) can be no greater than the
change in free energy of the radiation fields. Furthermore, in any real
energy conversion device, not all of this available free energy in the
radiation field can be converted to work because of basic limitations
inherent in the device itself. We present a thermodynamic analysis of
solar energy conversion by a completely general prototypical quantum
device. This device is completely described by two parameters, its opera-
ting temperature T and the energy threshold of its absorption spec-
trum. We derive an %xpression for the maximum thermodynamic efficiency of
a quantum solar converter in terms of these two parameters and the incident
radiation spectrum. We present efficiency curves for assumed solar spec-
?ra] 1ﬁ;adiance corresponding to air mass zero (AM @) and air mass 1.5

AM 1.5).



INTRODUCTION

Devices which convert the energy of solar radiation into energy in
some other form can be divided into two broad categories. One category,
thermal conversion devices, includes blackbody absorbers which convert
solar energy into thermal energy that is used as process heat. The other
category consists of quantum conversion devices which selectively absorb
incident photons and convert some of their energy into electrical or chem-
ical energy. The efficiency of any quantum conversion device is defined as
the ratio of the energy converted to useful work, that is the energy con-
verted to any form other than heat, to the total incident energy. In this
paper we develop an upper bound for the efficiency of a general quantum
conversion device. In another report (ref. 1), we consider the efficiency
resulting from a hybrid quantum-thermal device which uses the thermal
energy discarded by a quantum device. :

We consider that the radiant energy from a solar source at a charac-
teristic blackbody temperature T is incident upon a receiving device
maintained at a fixed temperature® T,. There are two different types
of limitations that restrict the effic{%ncy of quantum conversion devices.
The first limitation is imposed by the second law of thermodynamics and, as
we shall show in the following paragraphs, requires that the amount of
energy converted to useful work cannot exceed the change in free energy of
the radiation field. Landsberg and Malinson (ref. 2) have shown that if
all the available free energy of the radiation field were to be converted
to useful work the solar efficiency could not exceed a maximum value given

by

no = 1 - % (Te/Ts) +% (TR/TS)4 . (1)

The second limitation on solar energy conversion efficiency arises from the
specific spectral response of the device itself. Since the spectral
response characteristic limits the distribution of energy absorbed by the
device, not all the free energy in the radiation field is available for
conversion to useful work. Consequently the expression in equation (1)
gives an overestimate of the maximum efficiency. In this paper we shall
derive an upper bound for the maximum efficiency of a quantum conversion
device taking into account the absorption characteristics of the device.
We shall consider two types of general spectral response: threshold
devices which absorb photons with energy greater than some value Ey and
bandwidth devices which have a cutoff energy E, aboye threshold energy.



THE THERMODYNAMIC LIMITATION

In this section we sketch an argument leading to the basic thermo-
dynamic limitation on quantum energy conversion devices. To our knowledge
the argument was first presented in a clear and complete form by Landsberg
and his coworkers (ref. 2). Essentially it involves a balance of the
energy and entropy flux at the receiving device. Radiation from a source
at temperature TS is incident wupon a quantum device maintained at a
fixed temperature The radiation incident wupon the receiver is
characterized by an é%ergy flux E (power per receiver area) and an entropy
flux S (power per receiver area-degree Kelvin). Similarly the radiation
from the receiver (re-radiation) is characterized by its own energy and
entropy flux E' and S'. This incident and re-radiated flux is depicted in
figure 1. The energy converted to useful work and the heat transferred to
the surroundings of the receiver are also represented as an energy flux W
and- Q (power per receiver area). If the processes occurring within the
receiver are thermodynamica11y irreversible there will be an internal gene-
ration of entropy and this is represented as an entropy flux $int. ~ The
second law of thermodynamics requires that this internal entropy flux
satisfy the inequality

sty 01 . (2)

The arrows in figure 1 represent transfer of energy or entropy to or from
the quantum receiving device; it remains now to keep these quantities pro-
perly balanced. On one hand, energy conservation requires that the inci-
dent energy flux equal the emergent energy flux so we have that

E = E' o+ ﬂ + é (3)

On the other hand, steady state operation requires that the sum of external
and internal entropy flux changes be zero, from which follows the relation

S - S - Q/TR PR L . (4)

Eliminating Q from the above two equations Teads to the following expres-
sion for W,

. . . 'I .l .-in-t
W= (E - TRS) - (E' - TRS ) - TRS (5)
In classical thermodynam1cs, the work done on a body in an isothermal
reversible process is equal to its change in free energy (F = E-TS). Thus,
we identify the first two terms in the expression for W as the change in
the free energy of the radiation fields  -AFgap. Since the term repre-
senting the energy irreversibly lost (TRS1"t) is non-negative, an upper
bound on the useful work obtains, namely the flux of useful work cannot
exceed the change in the free energy flux of the radiation field

W< (E - T8) = (E' - TgsY) (6)

< = -AFppp



THE SPECTRAL RESPONSE OF A QUANTUM DEVICE

A general thermodynamic argument leads to the conclusion that the use-
ful work obtained from a quantum device is limited to the change in free
energy of the radiation field. In any realistic device, not all of the
free energy available in the radiation field can be converted to useful
work because of limitations in the spectral response of the device itself
(ref. 3). The spectral response is a unique characteristic of each device
so, in order to insure that our discussion is independent of such specific
device characteristics, we adopt a simple but general model for a general-
ized spectral response. First we shall consider a device with an energy.
threshold Ey.  Subsequently we shall show how results obtained from a
threshold model can be extended to include other response characteristics
such as a bandwidth device with an energy cutoff. We consider a threshold
device to be one for which: (a) no absorbed photon with energy below the
threshold value can contribute to the useful work; and (b) those absorbed
photons with energy above the threshold contribute only the threshold
energy to the useful work. The energy in excess of threshold is thermal-
ized to heat energy. The maximum efficiency of such a quantum device
depends upon the receiver temperature TR and upon a dimensionless
parameter zg = Eg/kT which normalizes "the device threshold energy
Eg = hyy to a meas&%e of the source energy. This efficiency can be
expressed as an integral over the spectral distribution of the change in
free energy of the radiation fields:

[, (hv/hv) (-8 Fpap) dv

n(z,) = — (7)
Total Incident Energy

In the next section we show how to evaluate this integral from data giving
the solar spectral irradiances; we carry out this evaluation for data on
the AM @ (ref. 9) and the AM 1.5 (ref. 5) spectrum. The maximum efficiency
of a bandwidth device, having energy threshold E, and energy cutoff E;,
depends upon the two dimensionless parameters z; and 2z; = E,/kT. and
it can be expressed simply in terms of the integral obtaine§ in
equation (7) by

z
n (zy, z9) = n(z)) - 2y (z)) . (8)



FREE ENERGY OF THE RADIATION FIELD

The equilibrium energy and entropy flux distributions of a blackbody
radiator at temperature T are well known (ref. 6). It 1is convenient for
our purposes to express them in the following form:
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In these equations z is the dimensionless parameter (hv/kT) while

ACT) = 27 (kT)3/(he)? . (10)

The quantity n(z) 1is the photon distribution function which, in the case
of a blackbody radiator, is just the Bose-Einstein distribution (ref. 3)

n(z) = (e? - 1)°1 . (11)

The selective absorption or scattering of photons at various frequencies by
the atmosphere will alter this distribution and we shall have to determine
n(z) in that case from spectral data. The function H(n) 1is given by

H(n) = (1 + n) (1 + n) - n 2n(n) . (12)
The energy and entropy flux emitted from the Sun is given by equation (9)

with T = Tg. The flux arriving at the Earth 1is diminished by the
geometrical factor

_ 2
Y = (Roun/Rearth orbit! (13)

We take for in energy and entropy flux distribution incident upon the re-
ceiving energy conversion device the expressions

E=v «A (T) 2 o (14)
. A(T
S = —Z-TS—§1 22 H(n)

S

The spectral irradiance data (refs. 4 and 5) give us E for selected
wavelengths. Using these values and the first of equation (10) we then
find the value of n at each of these wavelengths. This allows the
determination of S. Thus from given spectral data, the free energy of the
incident radiation field (E - TRS) can be found. In this determination



it is necessary to fix a value for the temperature of the Sun. In these
calculations we chose this value to be Tg = 5792 K obtained when the
total energy for the AM @ distribution (the solar constant) is set equal to
y + oT* (ref. 2). The free energy of the re-radiated fields is given by
equation (9) with T = Tp. Some of the re-radiated energy however, may
come from the receiver surroundings. In calculating the change in free
energy of the radiation fields we scale the emergent radiation by the
factor y so as to include only that part of the re-radiated energy which
comes from the incident radiations.

The results of calculations of the maximum solar efficiency for known
spectral data at AM @ for T=0 K and AM 1.5 for Tp=0 K and 580 K are shown
in figure 2. The AM P spectral data indicates that the maximum solar con-
version efficiency by a receiver maintained at 0 K above the atmosphere is
44 percent and that it occurs for a device with energy threshold
Eo = 0.9 eV. The curves for other values of Tg are not shown in this
figure but, for example, at 300 K, the maximum efficiency drops to about 40
percent. Since the AM @ spectrum does not differ significantly from the
Tg = 6000 K blackbody spectrum results previously obtained (ref. 3) are
adequate for this case.

The AM 1.5 spectral data produces a broader efficiency curve which
maximizes for Tp = 0 K at an efficiency of 48 percent. The efficiency
curve for AM 1.5 is generally higher than the one for AM @ despite the fact
that the total irradiance reaching the atmosphere is much larger than that
reaching the surface of the Earth. This occurs because the selective
absorption of the Earth's atmosphere yields a higher proportion of high
energy photons in the AM 1.5 spectrum than is found in the AM @ spectrum.
More photons are absorbed in the near IR (Eq » 1.2 eV) than at higher
energies resulting in an overall increase in efficiency by a threshold
device and a shift in the Tlocation of the maximum efficiency to higher
threshold energies. The effect of increased receiver temperature can be
seen in the curve for TR = 580 K.

If the receiver temperature were equal to the source temperature the
calculated efficiency should be zero. As a check on our numerical calcula-
tions we carried .them out for this case and found that the efficiency at
any energy did not exceed 0.033, and was less than 0.001 for most values of
the energy. Given the uncertainty present in the spectral irradiance data
(refs. 4 and 5) themselves, this margin of error in the numerical
calculation is acceptable.

The results of these calculations can be used to evaluate the maximum
efficiency of any quantum solar energy conversion device. The curves shown
in figure 2 can be used with equation (8) to determine the efficiency of
any bandpass device. Such an evaluation of efficiency should be valuable
in assessing and comparing the efficiency of various solar energy
conversion systems.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665
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Figure 1, Schematic diagram of the energy, entropy, work, and heat flux at a
quantum device operating at a temperature TR.
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Figure 2. The efficiency of a quantum device as a function of threshold energy

at TR=O K for AM @ and TR=0 and 580 K for AM 1.5 solar spectra.
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