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Thermodynamics of losses in photovoltaic conversion
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This letter presents a thermodynamic analysis of losses in an ideal solar cell. It is shown that the
maximum voltage—corresponding to the voltage produced by a hot-carrier solar cell—is equal to
the energy of the incident solar photon multiplied by the appropriate Carnot factor. Voltage
generated by the usual p-n junction cell is lower on account of entropy generation through kinetic
losses, photon cooling, and étendue expansion of the incident beam. Simple expressions can be
obtained by an approximation where the energy and entropy changes are modeled by the
corresponding expressions for a two-dimensional ideal photon gas. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2766857]

A solar cell transforms a photon beam at temperature
T,=6000 K into electrical energy while emitting photons at
temperature 7,,=300 K of the solar cell. The photon flux in
the beam is given by the usual expression
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where v is the frequency, the integration is over the spectral
region (v) of luminescence emission of the cell, w is the
chemical potential (in general, nonzero for luminescent ra-
diation), and £ denotes the étendue

5=JJ cos 0 dAdw, (2)
(A,0)

where dA is an element of the cross sectional area of the
beam, dw is an element of the solid angle, and 6 is the angle
between the normal to dA and the direction of the beam. We
assume that the cell represents a perfect, optically thick,
emitter of radiation—in other words, it has emissivity equal
to unity.

If, furthermore, the only recombination processes in the
cell are radiative, the detailed balance between the electron
current in the external circuit and the absorbed and emitted
photon flows gives the /-V characteristic of the cell:

qJ\(in) = I+ gJy(out), (3)

where ¢ is the electron charge,

JN(in) = N(Ts’ gin’ Min = O) - N(Tm gin’ Mamb = O) s
. . 4)
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V is the voltage and [ is the current produced by the solar
cell. Equations (4) assume direct (beam) illumination of the
cell (u;,=0) and take into account the fact that, in addition to
sunlight, the cell is exposed to an ambient photon flux at zero
chemical potential (t,,,=0) with étendue &, —E;,. We note
that the étendue &, of the emitted beam must be greater
than the étendue of the incident beam &, since, by micro-
scopic reversibility, photons can exit along the same path

For weak to moderate illumination when stimulated
emission can be neglected, the cell characteristic [Eq. (3)]
simplifies to the usual form'

I=1,-1,(out)(e?" 5" — 1), (5)

where I,=qJy(in) and I,(out)=gN(T,,E s amp=0). It is
also useful to define 7,(in)=N(T,, &, tamy=0).

This letter gives an alternative thermodynamic descrip-
tion to this, essentially kinetic, view of the conversion pro-
cess, by considering the energy and entropy balance of pho-
tons transferred between the incident and emitted photon
beams. If propagating in a clear and transparent medium,
these beams are characterized by constant thermodynamic
parameters and act as basis states (or reservoirs); the transfer
of photons between them produces work (or electrical en-
ergy) and, in general, a certain amount of waste heat through
irreversible entropy generation.

Consider a packet of photons traveling with a beam de-
fined by its temperature, étendue, and chemical potential
where photons at the front of the packet are separated from
the rear by a time interval &. The gain in energy (u) and
entropy (s) for a photon added to this packet can be calcu-

lated from the number of photons N =Nét, energy U= Uét,
and entropy S=S4t of the packet by

u=(dUION)¢. 1,

s=(SIoN)e. 7, (6)

since ot can be taken as constant. Note that the étendue here
takes on the role of volume in classical thermodynamics.

We can now proceed by analogy with irreversible ther-
modynamics (see, for example, Ref. 2) using the beams in
the transparent medium as states of local equilibrium. The
energy and entropy balance of the solar cell can then be
expressed in terms of the thermodynamic energy and entropy
flows Jy; and Jg carried by the absorbed and emitted photon
beams:

Jy(in) = Jy(out) + O + W,

along which they arrived. Js(out) = J(in) — Q + dﬁ’ (7)
T, dt
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JU = JNM N
®)
JS = JNS.

Q is the rate of heat emission by the cell into a heat reservoir

at temperature 7, W=VI is the generated power, and d,S/dt
is the rate of internal entropy generation.

Equations (7) and (8) give a complete thermodynamic
description of the photovoltaic conversion processes. Defin-
ing the entropy production per incident photon by

1 ds
ag;= .
JN(ln) dt

)

Equation (7) gives the balance per incident photon in the
form

Too-i = (uin - uout) + To(sout — Sin)- (10)

In the language of classical thermodynamics, the entropy
generation per photon [Eq. (10)] is seen to be equal to the
change of availability restricted to processes at constant vol-
ume (see, for example, Ref. 3). Since woy=ttou—TopSonr=9V,
the voltage can be written as

qV:uin<l—E) -T,0;. (11)
T

In other words, the voltage produced by the solar cell is
equal to the energy of an incident photon, converted to the
electrostatic energy gV with the Carnot efficiency, less irre-
versible losses.

It will be seen that Eq. (11) represents the thermody-
namic analog of the current-voltage characteristic [Eq. (3)]
of the photovoltaic converter. It is interesting to note that, if
the incident photon beam has a nonzero chemical potential
Min» Eq. (11) can be written in a form which resembles the
expression for entropy generation in irreversible thermody-
namics,

diS ! 1 . Mout Mil’l) .
=== | =~ — |Jy(in) - | =2 = =" |Jy(in).
i <TO Ts> u(in) ( T, T v(in)

The analysis of conversion losses becomes particularly
transparent for weak to moderate radiation intensities when
the energy u and entropy s reduce to the corresponding ex-
pressions of a two-dimensional ideal gas. Replacing the
chemical potential by photon flux as the independent vari-
able,

u(T,E,N) = hv, + kgT, (12)

. N
s(T,E,N) = kg -1n<a)+1 , (13)

where y=2k3v§/ he? and v, is the minimum frequency of
photons emitted by the converter—equal, for example, to
E,/h for a semiconductor with band gap E,. Equations (12)
and (13) are readily obtained by differentiating the convec-

tive energy U and entropy S flows according to Eq. (6) in the

limit when N is small. It is not difficult to show that the
limits of applicability of Egs. (12) and (13) coincide with the
validity of the Shockley solar cell equation [Eq. (5)].

The entropy generation per photon g; can now be written

as a sum of three terms, o, 0y;,, and Texps corresponding to
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FIG. 1. Voltage-current characteristic for the different types of solar cells
discussed in this letter. The dashed-dot line corresponds to 1 sun illumina-
tion, dashed line to sunlight with maximum concentration, and full line to
hot-carrier solar cells. The threshold frequency hv, corresponds to crystal-
line silicon with hAv,=1.12 eV.

the entropy changes in the individual steps T,—T,, Nm
— Ny and &, — &, of the conversion process:

1 . .
F(uin - Mout) - {S(TS’gin?Nin) - S(To’ginsNin)}

T T
=kB(Fi—l>—kBln<Fj), (14)

Okin = S(nginaNout) - S(ngin’Nin)

g.=

I +1 I
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: . &,
Uexp = S(Tu’gout’Nout) - S(ngin’Nout) = kB 111( £ l) .

(16)

An additional term of the form o,,q=—kz In(QE), where QE
is the quantum efficiency of the solar cell, can be included in
o; to represent nonradiative losses.* It is easy to verify that
all the terms that contribute to o; are positive or zero, in
accord with the second law of thermodynamics. Further-
more, the substitution of Egs. (14)—(16) and (12) into Egq.
(11) yields the Shockley solar cell equation, with the well
known approximation5 for the open circuit voltage of a con-
ventional solar cell. The resulting I-V characteristic is shown
in Fig. 1 as a function of voltage V.

The kinetic entropy term oy, is the entropy generation
on account of current extraction from the cell, and is nonzero
as long as the cell produces finite current /. Clearly, this
entropy generation term results from a finite “turnover rate”
of the photovoltaic “engine,” and is an unavoidable part of
the conversion process.

The term oy, is the entropy generation due to an iso-
thermal expansion of the étendue if the étendue of the emit-
ted beam is greater than the étendue of the incident beam
(the related topic of angularly selective solar cells has been
recently discussed by Badescu6). The corresponding energy
T,0., manifests itself as an increase of voltage produced by
the solar cell upon concentration of sunlight. This term van-
ishes if the étendues of the incident and emitted beam are
equal—achieved, for example, by focusing the incident sun-
light to maximum concentration or by restricting the aperture
of the emitted beam.
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The entropy term o, which describes irreversible cooling
of the beam from temperature 7 to 7, at constant étendue
and constant photon flux represents one of the two funda-
mental losses in the Shockley-Queisser theory of ideal solar
cell efﬁciency.1 There has been much discussion recently
whether or how this irreversible entro_})y generation can be
eliminated in a “hot-carrier” solar cell.” The present thermo-
dynamic analysis indicates that there is no fundamental rea-
son why entropy generation o, cannot be eliminated. Such
hot-carrier device would make use of the difference between
the energies u(T) and u(T,) of the absorbed and emitted
photons which results in free-carrier heating upon photoge-
neration of electron-hole pairs in the solar cell. A reversible
conversion of this heat into useful work can be represented
as an additional stage in the conversion process, and the
work per photon can be added to the open circuit voltage at
the terminals of the solar cell.

The Carnot cycle which represents this process absorbs
heat by the absorption of high-temperature photons, and re-
jects heat through the emission of low-temperature photons
together with an additional low-temperature heat term 7,s;,
=T,u;,/ T, to conserve entropy in the cycle. A relation appro-
priate for heat transfer is therefore used rather than the analo-
gous relation for radiative transfer. This is reminiscent to the
arguments leading to the Jetter and Petela-Press-Landsberg
efficiencies for conversion of blackbody radiation into
work.®

If converted into electrostatic energy, work produced in
the cycle increases the voltage to (uyy+7T,0,.)/q, where oy
is the chemical potential of the emitted photons, as before.
As a corollary, we obtain that photons are emitted with a
chemical potential which is always lower than the cell band
gap hv,. The resulting increase in efficiency can easily be
calculated and is shown in Fig. 2.

The proposed hot-carrier enhancement of open circuit
voltage differs from the hot-carrier cells proposed in Ref. 9
where carriers are extracted from the cell through selective
contacts. The present method can also be contrasted with
other (essentially kinetic) mechanisms for efficient utiliza-
tion of the above band gap photon energy such as impact
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FIG. 2. Efficiency as a function of photon threshold energy hv,. The dashed
line corresponds to 1 sun illumination and full lines to sunlight with maxi-
mum concentration.
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which seek to increase the current generated by the solar cell.

The author is indebted to Peter Landsberg for many
stimulating discussions on the subject of this letter.
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