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In this article, we analyze the photovoltaic effect while assuming a fixed ambient temperature and a
varying system temperature rather than using the standard fixed system temperature—based approaches.
We do so by complementing the photon rate balance equation (detailed balance, circuit model) with the
power balance equation of the system. As a result, a simple approach capable of treating any photovoltaic
system emerges. Accordingly, we study the potential-dependent current and temperature of solar cells and
thermoradiative power generators. We show that the optimal band gap of a solar cell depends on its heat-
transfer coefficient and that its efficiency may rise or fall as solar concentration increases, depending on its
ability to dissipate heat. We also identify where the cell’s efficiency and temperature turn from a conduc-
tive and/or convective-dominated cooling regime to a radiative-dominated one. For the thermoradiative
case, we show that its power decreases when heat intake is suppressed and study the degrading effect
of nonradiative recombination on this power production scheme. The proposed model converges to the
known fixed system temperature—based approaches when an infinite ability to transfer heat is considered.
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I. INTRODUCTION

In the photovoltaic (PV) effect, there is an intricate
relation between the temperature at which it occurs, the
electrical potential at which it is gauged, and the power
it produces. Nonetheless, most theoretical analyses are
carried out while considering a fixed PV system tem-
perature, usually that of the ambient environment [1,2].
However, the excitation of electron-hole pairs generates
entropy and thus produces heat. Therefore, a PV system
must dissipate heat to accomplish steady-state conditions.
Assuming a solar cell to be a lumped thermal system, i.e.,
of homogeneous temperature throughout each of the sys-
tem’s components, the cell can only dissipate heat if its
temperature is higher than its ambient environment.

Previously, Dupre et al. [3,4] found the cell’s steady-
state temperature by meticulously formulating a closed-
form expression for each possible heat-generating mech-
anism and balancing their sum with the heat transfer out
of the cell. Expressing the heat generated at each step of
the PV process is valuable for finding the performance-
limiting mechanism of a given cell design. However, it
is tailored for solar cells at standard conditions. Thus, it
may become problematic under concentrated solar radi-
ation, in outer space conditions, or in other situations
where extreme conditions are encountered, such as thermal
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PV [5,6], thermophotonic PV [7-9], and thermoradiative
power generation schemes [10—12]. For thermoradiative
and thermophotonic PVs, a power flux balance equation
is an integral part of their analysis [10]. However, the role
of heat transfer in the performance of these schemes has
been overlooked. As a result, a unified approach that con-
siders the net energy balance of a PV system, including
heat transfer, is, thus far, lacking.

In this paper, we study the consequence of upholding the
net power balance of a PV system, including heat transfer,
in addition to the photon flux balance equation (the detailed
balance). Since only the fundamental aspects of the PV
effect are of interest, only ideal systems at their radiative
limit are considered. Accordingly, optical confinement and
optical absorption are neglected. Likewise, temperature-
dependent changes in a material band gap or emissivity and
a realistic model for the solar spectrum are ignored. Heat
production is implicit in our model, so no assumptions are
made about the nature of the heat-dissipating processes,
resulting in a simpler formalism capable of treating any
PV system.

We showcase our approach by examining a few types
of PV systems. First, we study solar cells close to stan-
dard conditions. In this case, we verify that our formal-
ism reproduces the expected potential-dependent current
and temperature [3,4]. Nonetheless, appealing connections
between the cell’s ability to transfer heat and its tempera-
ture and open-circuit potential are discussed accordingly.

© 2023 American Physical Society
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We also study some example heat removal mechanisms
and find that the efficiency of a single-junction cell may
rise with solar concentration only if it has a sufficient
ability to dissipate heat. Finally, we look at how thermora-
diative power production is affected by the system’s ability
to drain heat from the hot environment it is in contact with,
which is yet to be studied in this context.

II. POWER AND PHOTON RATE BALANCE
EQUATIONS

Let us consider the photovoltaic system from Fig. 1: A
PV system in the form of a cell receives radiation from
the hot radiation source (sun) while emitting radiation to
a colder environment (sky) due to radiative band-to-band
recombination inherent in the PV process. The system also
exchanges heat with its ambient environment, which can
be conductive, convective, or radiative. Arrows indicate
heat being carried away from the system, but this may
change depending on the temperature difference between
the system and its environment. Also, Fig. 1 depicts con-
ductive, convective, and radiative (not band-to-band) heat
transfer from the back of the cell for illustrative purposes
only. In practice, these mechanisms are also active from the
cell’s sides and front face. In the following, we consider all
these mechanisms, irrespective of their surface of origin.
Finally, it is assumed that any property associated with the
PV system, such as temperature or chemical potential, is
uniform throughout its volume.

Rad., ¢,
rave))

Cond.
—

,/' Cell, I, T, Env., T,

Sky, Ty

FIG. 1. The system under consideration comprises a cell that
receives radiative heat from the sun and the sky at 7, and
Ty, respectively, and emits radiative heat and electron-hole
band-to-band recombinations luminescence. The cell also rejects
conductive and/or convective heat to the ambient environment
at T,.

The rate at which photons are received from the sun at a
temperature Ty, is given by

N

e, [ E2dE
f (1)
E,

EyE . exp(E/KT) — 1

Here, c is the speed of light, 4 is Plank’s constant, & is
Boltzmann’s constant. The PV process is considered ideal
in the sense that it absorbs all light above the material band
gap, E,, and none below it. Formally, & is the sun-to-cell

etendue [13],
o= [ daa @)

with integration extending over the sun’s solid angle and
cell’s area. For convenience, Eq. (2)’s spatial aspect would
be suppressed such that a unitless reduced etendue (sim-
ply referred to as etendue henceforth) emerges, equivalent
to a solid-angle view factor. Accordingly, the flux term of
Eq. (1) and subsequent flux terms is per unit area. The sys-
tem also receives photons from the portion of the sky not
covered by the sun at the following rate:

E*dE
exp(E/kTy) — 17

No — 2(e. — &) [~
0= th3 Eg

€)

Here Ty is the sky temperature (7 < T;) and the cell’s
etendue is ¢.. Finally, photons are emitted due to the above-
band-gap band-to-band recombination inherent in the PV
process, the luminescence rate of which is

2, f°° E*dE
- Jg, expl(E = M/KT] =1

NC(TC’ V) = (4)

Here, V'is the chemical potential of the PV process, hence-
forth to be referred to simply as potential. We also consider
a flat system such that &, = 7.

Assuming each absorbed photon excites one electron-
hole pair, the current from the PV process is found by
balancing the absorbed and emitted photon rates,

I/e = (Ny + No) — (N + Nxr), Q)

where e is the fundamental charge and the nonradiative
recombination rate, Ny, is a function of the system’s tem-
perature and potential. Equation (5) is the standard photon
rate balance equation of Shockley and Queisser and others
[1,2]. Equation (5) has the temperature, 7, and the poten-
tial, 7, as independent variables. Therefore, an additional
constraint must be imposed to find the temperature and cur-
rent at a given potential. We choose the energy exchange
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rate of the system with its surroundings to perform this
task,

Vije = (Us+ Up) — (Ue + O). (6)
On the left of Eq. (6) is the power generation term, and on

the right side of Eq. (6), we have the power received from
the sun, taken here as

U — 2e /OO E3dE e
ST £, exp(E/KTy) — 1’
and from the rest of the sky as
. 2. —g) [ E3dE
Uy = ®)

23 £, exp(E/kTo) — 1
Equations (7) and (8) differ from the corresponding photon
rates in Egs. (1) and (3) by having an additional power of
integration variable E. Like their corresponding rates for
Egs. (1) and (3), the source terms of Egs. (7) and (8) are
independent of the system temperature or potential and,
therefore, along with Eqgs. (1) and (3), can be replaced by
alternative expressions for the photon flux and power from
any known source, such as the AM1.5 solar spectrum.
Power leaving the system due to the above-band-gap PV
radiative band-to-band recombination is given by

E3dE

. 28, [
U(T,., V) = 213 /Eg exp[(E—W/kT.]—1

)

Here, T, and V are the system’s temperature and potential,
whose values are the objective of the proposed approach.
Finally, heat exchange between the system and its ambient
environment at a temperature 7, is given by

0 = ho(T. — T,) + hoo (T = TH. (10)

Two modes of heat transfer are considered in Eq. (10). The
first is conduction or convection to an adjacent material,
such as the surrounding air. This mechanism depends on
the temperature difference between the cell and its ambi-
ent environment, and its magnitude is controlled with 4.,
typical values of which are 10 — 20 Wm™2 K~! [15,16],
without differentiating between conduction or convection.
The second type of heat transfer is radiative and thus pro-
portional to the fourth power of the temperatures, i.e.,
o(T* — T}). The radiative cooling mechanism is addi-
tional to the band-to-band recombination mechanism from
Egs. (4) and (10) in transferring heat from the cell in the
form of radiation, and may be active from any cell surface,
back, sides, and front. This mechanism is controlled by a
unitless relative emissivity from the surface of interest, 4,
and the parameter o relating the electromagnetic energy

density that a surface emits to its temperature, which is
obtained by suppressing the temperature dependency of
Plank’s law integrated over the relevant energy range,

26k (P xXdx

Y /a exp(x) — 1’
where ¢, is the view-factor unitless etendue of the radiative
surface. The integration limits are ¢ = Viek™'T~' and b =
Vaek~'T~!, where V; , defines the relevant energy range in
electron volts. For example, if V', =0, V;, = 00, and ¢, =
7, then the Stefan-Boltzmann constant, osg = 5.67... X
107> Wm—2K~* emerges, whereas, o =5.51 x 107!
Wm~2 K~ is obtained for a 1000-K silicon slab (V; = 0,
V, = 1.12 V). Notice that the combined radiative cool-
ing from the different parts of a practical device, including
sub-band-gap emission, can be introduced to Eq. (10) with
a proper effective value of 4, and 0.

Equation (6) has the same form as Eq. (5) but consid-
ers the entire system, electron-hole population + lattice,
instead of the electron-hole population alone, as Eq. (5)
does. Being of the electron-hole population alone, Eq. (5)
is deprived of any heat-to-lattice-related term (Q). Com-
plementary, the nonradiative recombination rate (NxR)
does not remove power from the system, but only shifts it
from the electron-hole population to the lattice and, there-
fore, is absent from Eq. (6). One may say that Eq. (5)
includes processes that affect the potential, while Eq. (6)
is for those that determine the temperature of the system.
Equations (5) and (6) conserve the number of photons and
the power they carry such that everything that enters the
system must leave as current, radiation, or heat, and vice
versa. Finally, it is easy to find by inspection that strict
equilibrium is restored when it should be; for example, tak-
ingl =0, =¢.,andh, =0gives T, = Tyand V= 0. In
the following, we demonstrate the advantages of the pro-
posed approach by numerically solving Egs. (5) and (6)
for different PV systems with different band gaps, heat con-
duction coefficients, solar concentrations, and nonradiative
recombination rates.

(In

III. POTENTIAL-DEPENDENT TEMPERATURE
AND CURRENT

To find if our formalism can reproduce what can be
considered known results for a solar cell [3,4], we cal-
culate the potential-dependent current and temperature
based on Egs. (5) and (6) for a solar cell with band
gap E, = 1 eV in contact with an environment with 7, =
300 K. Three values of the conduction/convection coeffi-
cient (h.) are considered: high (1000 Wm~2 K1), inter-
mediate (20 Wm~2 K™!), and low (5Wm™2 K™"). The
intermediate (“mid”) case corresponds to what is consid-
ered typical for solar cells, while the low and the high
values are two opposite extremes. In the following, the
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exact amount of conduction or convection underlining the
T processes in Eq. (10) is overlooked by assigning a sin-
gle A, referred to as “conductivity” henceforth. Likewise,
the role of the oc7* radiative cooling is studied by nomi-
nating an effective /4,0 product in Eq. (10), reflecting an
arbitrary combination of thermal radiation from the cell’s
front, back, or side facets and sub-band-gap emission from
the PV material.

Figure 2(a) shows the resulting cell temperature as a
function of its potential for these conductivity coefficients.
In the low potential regime of 0—0.5 eV, the cell’s temper-
ature can be approximated as T, = T, — (eN,V — Ey) /h.,
as shown by the dashed black lines. As a result, the high
conductivity case is practically at the ambient tempera-
ture (300 K), the low case reaches more than 200 K above
the ambient at a short-circuit current (/ for = 0) and
declines somewhat toward larger potentials, and the inter-
mediate case sits between the other two. These relations
allow one to find the effective conductivity coefficient from
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FIG. 2.

the potential-dependent temperature of the cell. However,
this requires prior knowledge of 7, E,, and N,. In the fol-
lowing, we describe how the same result may be reached
from the temperature dependence of the cell’s open-circuit
potential (V at I = 0), which is often easier to measure.
As the potential continues to increase, luminescence terms
N, and E. in Egs. (5) and (6) become appreciable, which
further reduces the cell’s temperature. The temperature
drop becomes significant above the open-circuit poten-
tials (indicated with red asterisks) until it crosses the
300 K ambient temperature mark where the cell enters the
light-emitting diode cooling regime [14].

Figure 2(b) shows the corresponding currents (solid
lines, left axis) and powers (dashed lines, right axis) for the
respective conductivities. Noticeable reduction in current
and power emerges even for the intermediate case, corre-
sponding to what is considered typical for a solar cell, and
this is more noticeable for low conductivity. Short-circuit
current (/ at ¥ = 0) shows only negligible dependence
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(a) Potential-dependent cell temperature for low (blue, #. = 5 Wm—2K~!), medium (green, 4. = 20 Wm~2K~"), and high

(ocher, h, = 1000 Wm~2 K~') heat conduction coefficient (4.). Red asterisks indicate the open-circuit voltage in each case. (b) Corre-
sponding potential-dependent current (solid, left axis) and power (dashed, right axis). (c) Temperature profile for the pure intermediate
heat conductivity case (solid green, 20 Wm~2 K~!), the same heat conductivity but with nonideal radiative efficiency in a dashed
cyan line labeled “mid +NR” (nz = 0.09, R; = 0), and the same heat conductivity but with series resistance only in a dashed-dotted
magenta line labeled “mid + R,” (Ry; = 0.0001 €2, ng = 1). (d) Corresponding currents. Notice the different x axis of (a),(b) relative to
(c),(d). Other parameters: Ty = 6000 K, T, = 300 K, E, = 1 eV, g, = 6.87 x 1072, e, =m, h, =0.
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(a) Open-circuit temperature sensitivity as a function of the band gap for heat conduction coefficient of 10 (green) and

50 Wm~2 K~! (blue), respectively. The dashed blue line shows the corresponding fixed-temperature evaluation of this parameter at
300 K [15,16]. (b) Open-circuit temperature sensitivity as a function of the ambient temperature under the concentration of 1 (blue)
and 10 (green) suns for a heat conduction coefficient of 50 Wm~2 K~!. The corresponding fixed-cell-temperature (fixed T) evaluations
of each case are shown in dashed lines. The dotted-dashed line shows a variable cell temperature evaluation under one sun with a heat

conduction coefficient of 10 instead of 50 Wm=2 K.

on the conductivity value since the temperature-dependent
band-gap narrowing is not considered here. Overall, Figs.
2(a) and 2(b) show our model’s capability of reproducing
what can be regarded as known results for a solar cell [3,4].

Series resistance, Ry, can be incorporated into our model
by the usual variable exchange V' — V + [R;. Also, a
generic form of nonradiative combination is assumed by
multiplying the N.(T, V) term in Eq. (5) by 1/nz, where nz
is the radiative efficiency in this case. The radiative effi-
ciency does not enter Eq. (6), since it only accounts for
the internal redistribution between radiative and nonradia-
tive processes, not the net power flux into or out of the
PV system. Figure 2(c) shows the effect these nonidealities
have on the potential-dependent temperature profile of the
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FIG. 4.

intermediate heat conductivity case for ng = 0.09 with
R, = 0 as a dashed cyan line, and for R, = 0.0001 2 and
ng = 1 as a dashed-dotted magenta line. Both nonidealities
raise the cell’s temperature close to its maximum power
point potential in agreement with what has already been
found, at least for the radiative efficiency [4]. Figure 2(d)
shows the corresponding detrimental effect the rising cell
temperature has on the cell’s current in these cases. The
Ry # 0 case demonstrates the ability of our approach to
deal with Joule heating due to the fundamental series resis-
tance of the PV material without an explicit term for such
heat-generating processes in Egs. (5) or (6). Other sources
of Joule heating, like metal contacts, are not fundamental
to the PV process and are, thus, neglected.
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Heat Cond. Coeff. (Wm~2 K1)

0

(a) Band-gap-dependent cell efficiency for different heat conductivities (%.) and no radiative cooling (%, = 0). (b) Efficiency

(blue) and temperature (ocher) at the band gap of maximal efficiency as a function of the heat conductivity is shown with circles.

The results of an additional radiative cooling mechanism (4,0 = 0
T,=300K, Ty =4K, e =687 x 107>, &, =7, ng = 0.91.

.750sp) are marked with stars. Relevant parameters: 7, = 6000 K,
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FIG. 5.

(a) Band-gap-dependent efficiency for different solar concentrations (blue, C = 1; ocher, C = 12; green, C = 43). Two
regimes are considered: heat conductivity only (4. = 20 W/m? K,

h, = 0), and radiative cooling only (4. = 0, h, = 0.7505sp), which

are marked with circles and squares, respectively. (b) Efficiency (blue, left y axis) and temperature (ocher, right y axis) at the maximal
efficiency band gap as a function of the concentration ratio. Three cases are considered here: Two are the conductivity only and
radiative only as in panel (a), respectively marked with circles and squares. In addition, a combined conductive-radiative regime is
shown with stars. The conduction and radiation coefficients in (b) are identical to those in (a). Relevant parameters: 7y = 6000 K,

T,=300K, Ty =4K, & =687 x 1075, &, =, ng = 0.91.

The open-circuit potential, Vo, is another essential
aspect of a solar cell’s performance, the temperature coef-
ficient of which is defined here as g = dIn(Voc)/dT =
[dVoc/dT]/Voc [15,16]. Figure 3(a) shows, using a blue
line, B as a function of the band gap £, for an ideal
cell (zero nonradiative recombination) with a heat con-
ductivity coefficient of 50 Wm™2K~!, and radiative cool-
ing coefficient 4, = 0. The numerical derivative is calcu-
lated according to the following finite-difference formula:
dVoc(T,)/dx = [Voc(Te + AT,) — Voc(Te — AT,)]/2AT.,.
Convergence is achieved for A7, < 10 K at a nom-
inal 7, =300 K. The B parameter’s dependence on
the system’s ability to dissipate heat is shown with
the green line of Fig. 3(a) for a heat conductivity of
10 Wm~2 K~!. The more negative the value of S is,
the larger the reduction in Vpoc once the ambient tem-
perature rises. The larger absolute value of the B fac-
tor at smaller band gaps comes from a more signifi-
cant thermalization-driven heat source within the cell.
For comparison, we also show the result of a fixed cell

temperature—based evaluation of B, following Ref. [15]
(with the free parameter y = 2), which is oblivious to the
system’s heat conductivity.

Figure 3(b) shows g as a function of the ambient tem-
perature for a 1-eV-band-gap ideal radiative cell with
heat conductivity of 50 Wm= K~! as a solid blue line
(h, is still held at its zero value). It is seen that the
fixed system (cell) temperature—based evaluation, shown
with a dashed blue line, undermines the degrading effect
that temperature has on V¢ relative to our ambient
temperature—based approach. The difference between a
cell-based and an ambient-based approach becomes more
pronounced for the same cell but with a 10-sun con-
centration, as seen in the green solid and dashed lines.
Finally, we show with a dashed-dotted blue line the value
of B for the same ideal 1-eV cell but with a reduced
heat conductivity of 10 Wm™2 K~!. Once again, there is
no correspondence to this effect in the fixed cell tem-
perature—based evaluation approach. The different trend
that emerges, in this case, points to the possibility of

064023-6



EFFECT OF MAINTAINING A ...

PHYS. REV. APPLIED 19, 064023 (2023)

32.4]
<, [350
<
g 322 340
Y
& 1330
m -
x 32.0
s 1320
31.8 310
20 40 60 80 100

Concentration Ratio

FIG. 6. Efficiency and temperature at optimal 1.29-eV band
gap as a function of the solar concentration ratio for heat
conduction coefficient . = 1000 Wm~2 K~!. Relevant parame-
ters: Ty = 6000 K, 7, = 300 K, Ty = 4 K, &, = 6.87 x 107> m?,
g.=m,ng = 0.91.

identifying the effective heat conductivity of a PV system
based on the measured temperature coefficient of its
Voc.

IV. BAND-GAP-DEPENDENT EFFICIENCY AND
TEMPERATURE

Next, let us study how a cell’s ability to dissipate
heat affects temperature and its efficiency, which is n =
max(V1)/Ps, with P; = (e;/m)o T} the total incoming
power, which is 1607 Wm~2 for the 6000 K black body
considered here as the sun. Figure 4(a) shows the band-
gap-dependent efficiency for selected heat conductivity
values (and no radiative cooling). It is seen that lower con-
ductivity reduces the efficiency while shifting the maximal
efficiency to higher band gaps, in agreement with previ-
ous studies [3,4]. This effect is because smaller band gaps
result in more thermalization, which causes the efficiency
to be more sensitive to the conductivity coefficient value.

Suppressing heat dissipation causes the cell’s tem-
perature to rise and its maximal efficiency to decrease,
as seen in Fig. 4(b). At 29.6%, the efficiency at . =
50 Wm~2 K~! without radiative cooling is close to the
30% of a fixed-cell-temperature evaluation, and the cell is
less than 1 K above its 300 K ambient temperature. Once
the conductivity coefficient is lower than 20 Wm™2 K~!,
the cell’s temperature rises sharply, and the maximal
efficiency decreases, which is interesting since the heat-
transfer coefficient of practical modules is expected to lie
in this range, i.e., the 10 — 20 Wm™2 K~! range [4].

As the cell’s temperature rises, radiative cooling is
expected to play a more decisive role due to its oc7* depen-
dence. To see how this effect comes about, we consider the
case where, in addition to the varying heat conductivity
value in Fig. 4(b), there is also a radiative cooling with
an effective 4,0 = 0.750sg (osp is the Stefan-Boltzmann

constant). This effective value considers all «7* radia-
tive transfer mechanisms without differentiating their exact
source, be it sub-band-gap emission of the PV material or
thermal radiation from other parts of the cell. It is seen that
the addition of radiative cooling significantly reduces the
cell’s temperature when its ability to conduct heat is low,
resulting in higher efficiencies at low conductivities. How-
ever, as the conductivity increases above 20 Wm—2 K~!,
the cell’s temperature lowers and is no longer affected
by radiative cooling. In the following, we further study
the crossover between these two heat-transfer regimes,
but this time under concentrated solar radiation, where
heat dissipation plays a more crucial role in the cell’s
performance.

V. CELL PERFORMANCE UNDER
CONCENTRATED SOLAR RADIATION

A more convincing demonstration of allowing the cell’s
temperature to adjust its environment emerges for concen-
trated solar radiation. Figure 5(a) shows the efficiency for
solar concentrations of C = 1 in blue, C = 12 in ocher, and
C = 43 in green. In addition, two heat-transfer regimes are
considered: the first focuses on the <7 convection and con-
duction by taking . = 20 Wm~2 K~! and 4,0 = 0, which
is marked with circles, while the second is for the oc7* sub-
band-gap and thermal radiation processes with 4. = 0 and
h,o = 0.750sg, which is marked with squares. Dramatic
reduction in efficiency is seen with rising concentration
for both cases. Interestingly, the optimal band gap shifts
to higher values as the concentration rises, which is oppo-
site to what is found from a fixed cell temperature—based
evaluation [17].

To better understand this behavior, we plot in Fig. 5(b)
the maximal band-gap-dependent efficiency in blue and the
cell’s temperature in ocher. The efficiencies and tempera-
tures are plotted as a function of the concentration for the
former T and o<T* heat-transfer regimes, and are marked
with the same circles and squares, respectively. The advan-
tage of the T regime at low concentrations and that of the
oT* at higher concentration repeat here. Interestingly, the
crossover between these two regimes does not occur at the
same concentration levels for the efficiency and the cell’s
temperature. While the efficiency of the radiative oc7* case
already surpasses that of the «T case by C > 12, it is not
until C > 43 that the cell’s temperature from the radia-
tive ocT* processes falls below that of the conductive o7’
case. Going back to Fig. 5(a), we see that the maximal effi-
ciency in the T regime is better at lower concentrations
while the opposite is true for the higher ones, which is the
source of the efficiency crossover in Fig. 5(b) at a little over
C = 12. The tendency of maximal efficiency to appear at
larger band gaps as concentration rises reduces the cell’s
temperature by suppressing thermalization, thus delaying
the temperature crossover between the two regimes. The

064023-7



IDO FRENKEL and AVI NIV PHYS. REV. APPLIED 19, 064023 (2023)
(@) 550
500 -
3
g 4501
£
=
— 400+
[0}
@]
he =2
3501 p —20wWmzk-
— h,=1Wm2K" '
300 : ; . . . ;
-0.12 -0.10 -0.08 -0.06 -0.04 —0.02 0.00
Potential (eV)
(b) 200 —20 (c) 30 —7300
251 F250
3 ;
£ 20 £200 =
= = £
£ 15 150 o
e = ©
Q -+
2 101 +100 <
. [e) +—
. o ©
: 51 50 £
v
~1200 +— : 1o — .
-0.10  -0.05 0.00 -0.10  —0.05

Potential (eV)

FIG. 7.

Potential (eV)

(a) Thermoradiative cell’s temperature for different heat conductivities. The h. = oo case corresponds to a fixed-cell-

temperature evaluation. (b) The current (left y axis) and power (right y axis) of the different heat conductivities are shown in solid and
dashed lines, respectively. (c¢) The corresponding efficiency (left y axis) and heat intake (right y axis) are in solid and dashed lines,
respectively. Relevant parameters: 7, = 500 K, 7o = 300K, e, = 0,6, =mw,ng = 1, h, = 0.

results in Fig. 5(b) are presented for a changing optimal
band gap, according to Fig. 5(a).

Practical cells are expected to benefit from both these
mechanisms, as shown by the stars in Fig. 5(b). As
expected, the combination produces better efficiency and
lower temperatures than each independent regime and
tends to the conductive case at lower concentrations while
converging to the radiative regime at higher ones. It
is important to note that while separate efficiency and
temperature crossovers are generic features, their exact
positions are prone to specific device parameters. There-
fore, the values reported here should be considered for
demonstration purposes only and not for a practical cell
design.

Another interesting point is that the cell’s efficiency
in our ambient-centric approach decreases at higher
concentrations, unlike in a cell-centered one [17]. To see
why this seemingly contradictory behavior emerges, Fig. 6
shows the maximal efficiency and cell temperature for the

same cell as in Fig. 5, but with a much larger heat con-
ductivity of 1000 Wm™2 K~! (&, = 0, in this case). It is
seen that a rise in efficiency as concentration increases may
be restored, at least for concentration ratios smaller than
50 in this case. Interestingly, the cell’s temperature scales
linearly with concentration, in this case, and the optimal
band gap is fixed at 1.29 eV. It should be noted that such
an ability to dissipate heat is only expected to be found in
microcells due to their high surface-to-volume ratio [18].
Alternatively, multijunction cells may demonstrate such an
increase in efficiency due to their reduced thermalization
losses [19,20].

VI. THERMORADIATIVE POWER GENERATION

Thermoradiative power generation is the opposite of a
solar cell: power is produced by absorbing conductive heat
from a hot source and radiating to a colder environment.
As such, heat intake is integral to the theoretical analysis
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To=300K,e,=0,6, =7, h. = 100 Wm2 K~!.

of thermoradiative PVs [10—12]. Surprisingly, the effect
of finite heat conduction has so far been overlooked. To
demonstrate the ability of our formalism to tackle this sit-
uation and provide insight into the role of less-than-ideal
heat conduction, we solve for the potential-dependent cur-
rent and temperature of a 0.1-eV-band-gap cell in contact
with a hot environment, 7, = 500 K, with no sun (¢, = 0),
that radiates its band-to-band emission to a cold envi-
ronment, 7y = 300 K. Notice that Eqs. (5) and (6) are
indifferent to whether a solar or a thermoradiative cell is
considered.

Figure 7(a) shows the thermoradiative cell’s tempera-
ture as a function of the potential for different heat con-
duction coefficients. Infinite heat conductivity converges
to a fixed-cell-temperature evaluation, where the cell and
the environment temperature are identical [10]. All tem-
perature curves cross the hot environment at 500 K inde-
pendently of the cell’s heat conductance. This effect is
caused by having O = 0 in Eq. (6), in this case, result-
ing in current and temperature values being independent
of the heat conductivity value. Radiative cooling other
than band-to-band recombination is overlooked to allow
a meaningful comparison with former results [10]. In addi-
tion, radiative cooling is expected to play a minor role
in the 7. < 500 K range of interest. Figure 7(b) shows
with solid lines (left axis) and dashed lines (right axis) the
corresponding currents and powers, respectively. Negative
currents result from the cell being hotter than the environ-
ment it radiates to (negative illumination). The respective
power, VI, is positive since both potential and current are
negative in the power production quadrant delineated by
the dotted black lines of Fig. 7(b). The currents coalesce
at a positive value outside the power production quadrant
corresponding to the heat conductivity—independent point
of the temperatures.

Figure 7(c) shows the thermoradiative efficiency—the
output power divided by heat absorbed from the hot

environment [10—12],

Vi

—. 12
19 (12

NTR =

It is seen that the infinite conductivity case peaks at a little
over 25%, in agreement with the fixed-system-temperature
evaluation of this case [10], while the lower conductivity
cases are below 25% and a little over 15% for the 20 and
1 Wm~2 K~! conductivities, respectively. Maximal power
point and maximal efficiency potentials are not the same,
as seen by comparing the dashed lines of Fig. 7(b) with the
solid ones of Fig. 7(c). This difference emerges from the
more considerable gap that emerges between the system
and the ambient temperatures as the potential decreases in
its absolute value, as seen in Fig. 7(a), and the correspond-
ing larger heat intake, |Q|, that develops as a result, and is
shown by the dashed lines in Fig. 7(c).

Nonradiative recombination poses a significant limita-
tion on the ability of thermoradiative power generation.
Figure 8 shows the same thermoradiative cell as in Fig.
7, but this time with a fixed 100 Wm~2 K~! heat conduc-
tivity and different amounts of nonradiative recombination
expressed as different values of the radiative efficiency ng.
The apparent smaller current, power, and efficiency that
emerge for a smaller radiative efficiency, ng, demonstrate
our approach’s ability to account for the detrimental effect
that nonradiative recombination has on the performance of
thermoradiative PVs in much the same way as is done for
solar cells.

VII. SUMMARY AND CONCLUSIONS

This work concerns the consequences of shifting the
theoretical PV analysis from considering a fixed system
temperature to a fixed ambient temperature and the ensu-
ing heat transfer in the form of conduction, convection, and
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radiation. To do so, we find the temperature and electrical
potential that mutually solve the PV photon rate and power
balance equations. The photon balance is for the electron-
hole pair population only (detailed balance), while the
power balance is the net power absorbed or released by
the system.

We show that, according to the proposed approach,
the maximal efficiency of a solar cell decreases and
shifts to larger band gaps relative to a fixed-cell-
temperature evaluation, as its ability to dissipate heat
is suppressed, in agreement with previous studies. We
also point to the connection between the heat-transfer
coefficient of a cell, its temperature, and the temper-
ature coefficient of its open-circuit voltage. We iden-
tify separate efficiency and cell temperature crossovers
from a conductive- or convective-dominated regime to a
radiative-dominated one as a function of the solar con-
centration. We also find an efficiency drop at moderate
concentrations for a typical heat conductivity of single-
junction solar cells, which is opposite to the result from
a cell-oriented evaluation. The expected efficiency rise
is restored once an exceptional ability to transfer heat is
considered.

Finally, we study PV power production by negative illu-
mination—the thermoradiative approach. There we find
good agreement with known models of an ideal cell and
demonstrate our approach’s ability to tackle nonradiative
recombination and the yet-to-be-accounted-for less-than-
infinite heat conductivity.

In conclusion, we show that considering the cell tem-
perature as a function of the external parameters, including
the heat-transfer coefficients, for a fixed ambient temper-
ature may lead to different and even opposite predictions
relative to the fixed system temperature—based approach.
We believe that a fixed ambient temperature—based eval-
uation better represents the actual operating conditions
of PV systems. Alas, this work considers the PV effect
in its fundamental form. Accordingly, other phenomena
affecting the performance of a PV device, like optical
confinement and finite absorption, are neglected. Like-
wise, a temperature-dependent band gap, a more realistic
solar spectrum, and the exact form of various nonradiative
recombination mechanisms (Shockley-Read-Hall, Auger)
are ignored. A more realistic evaluation of a specific PV
device can be obtained by readily incorporating these
effects into our model.

The code used in this work would be made available
upon a reasonable request from the corresponding author
(A. Niv).
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