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ABSTRACT

The efficiency of a photovoltaic converter (solar cell) illuminated by a thermal source (sun) is commonly determined with

Shockley and Queisser’s approach. The strength of this approach lies in its simplicity: All one needs to know is the solar cell’s

bandgap, and the efficiency emerges from a detailed balance equation of the electron-hole pair generation and depletion rates

at a given temperature. This article studies a single junction cell in outer space to show that a detailed balance approach is not

always thermodynamically compatible. We then show that this inconstancy resolves once the cell’s sub-bandgap emission and

absorption are included in its energy balance. Generalizing this result, we propose a unified formulation for a photovoltaic

process that maintains its detailed balance constraints while not giving away thermodynamics’ first and second laws at all

times and under any circumstances. Most importantly, our unified model allows heat conduction consideration to enter the

photovoltaic analysis. Therefore, the proposed approach is critical for a single-junction cell and every photovoltaic process

with an ample radiative power supply or limited conduction of heat such as concentrated space solar, thermo-photovoltaics

thermoradiative, and thermophotonics power schemes.

Introduction

Photovoltaic (PV) processes maintain a fixed proportionality between their electron-hole pairs generation and recombination

rates, a principle known as detailed balance (DB). Using this principle, Shockley and Queisser (SQ) were able to assess the

limiting efficiency of an ideal single-junction solar cell from its bandgap, view-factor, and temperature.1 SQ have considered

an ideal cell with a step-wise emissivity/absorptivity function. All light with energy above the PV bandgap is absorbed for

this emissivity, and none is absorbed below it. Over the years, the SQ approach has been extended to include more realistic

absorption profiles and the effect of nonradiative processes.2 Still, a step emissivity defines the theoretical efficiency limit of

converting thermal radiation into work by a PV process. Today, the SQ approach is an indispensable tool for the evaluation and

development of solar cell technology.3, 4

An alternative to SQ is the thermodynamic approach that sees the sun as a radiative source of heat and entropy to be

converted to work by an unspecified process. This approach originates from Carnot’s seminal analysis of heat engines that is

adapted to the particularities of radiation.5, 6 While allocating the ultimate thermodynamically allowed efficiency, this approach

has little relevance once a PV converter is considered.

Given these two seemingly parallel approaches, the common trend throughout the literature is often to consider them

separately.7 However, a PV process must somehow adhere to the laws of thermodynamics. As a result, efforts to find a

thermodynamic justification to the DB process have emerged.8–12 These approaches, however, refrain from upholding the

energy and entropy balance laws explicitly and are limited to open circuit conditions as a result.

In this article, we study the consequence of explicitly subjecting a DB process to the first and second laws of thermodynamics.

We begin with examining an ideal single-junction cell without any material contact, as in outer space. The cell’s temperature

cannot be determined based on its nonexistent environment, which makes the SQ approach inapplicable in this case. We

attempt to overcome this seemingly minor setback by imposing an additional constraint in the form of the cell’s radiative energy

balance (EB), or thermodynamics’ first law. Surprisingly, we find that the DB and EB constraints are not compatible in this

case. Thus, it is not generally true that the DB obeying process adheres to thermodynamics at all times, which goes against the

existing paradigm.8–12 This observation motivates us to look closer at what is missing in the current DB and EB formulation.

We show that if only a small amount of sub-bandgap thermal radiation is included, the above issue resolves. This observation

is strengthened by evidence of a dramatic rise in semiconductor’s sub-bandgap emissivity at elevated temperatures.13–15 A

thermodynamic limit on the amount of this sub-bandgap radiation is placed by minimizing the process’s entropy production.

We thus arrive at a unified formulation of a PV process that can uphold its DB constraint in addition to thermodynamics’ first

and second laws. We follow with examples of a single junction cell at an open circuit and with power production. We use these

examples to highlight some key aspects of our formalism, such as the appearance of two distinct operation regimes, purely

thermal and work producing. We also show that the SQ approach is asymptotic to ours for infinite heat conductivity from



the cell to its environment, namely when the cell and its environment are at equal temperatures. Finally, we summarize and

conclude the main findings of this work. We stress that considering a single-junction cell is only for the sake of simplicity and

the resulting unified model pertains to every PV-based process.

Results

The case of an isolated single junction solar cell

Let us illustrate why the DB law cannot directly consequence thermodynamics but has to be considered a separate constraint of

the PV process. For doing so, let us envision a solar cell devoid of any material contact, e.g., as it is floating in outer space. Let

us also assume that this cell cannot radiate heat from its sides or back, e.g., it is painted white and operating at open-circuit

conditions (I = 0). Being a PV-based device, the electron-hole generation and depletion rates are equal according to the DB

flux balance equation:

ΩsN
∞

g (0,Ts) = ΩcN∞

g (V,T ). (1)

Here Ωs and Ωc are the solid angles of the sun’s and the cell’s emission, respectively. The radiation source is a zero-potential

black body at a temperature Ts, and g is the material bandgap. The processes that remove electron-holes from the system are

radiative electron-hole recombinations at a temperature T and potential V . The rate of radiative processes is given by the

generalized Planck law:16

Nb
a (V,T ) :=

2e

c2h3

∫ b

a

E2dE

exp
(

E−V
kT

)

−1
. (2)

Here c, h, k, and e are light-speed, Planck’s constant, Boltzmann’s constant, and the elementary charge, respectively. The

integration is performed between the energy limits a and b that are g and ∞ in Eq. (1). An essential feature of Eq. (1) is that the

emissivity equals the absorptivity regardless of V and T (Kirchhoff’s radiation law), which is required for attaining equilibrium

once Ωc = Ωs.

According to the SQ approach, the open circuit potential is determined from Eq. (1) for a cell temperature that is equal to

that of its immediate environment;1 the cell’s temperature is not a free-variable of the SQ approach but an external parameter.

However, the SQ approach cannot be applied in our case since the cell’s temperature cannot be determined based on a

non-existent material environment. In such an occurrence, the temperature has to be fixed based on the cell’s radiative heat

exchange,17–19 which is thermodynamics’ first law. For the open circuit isolated cell, this energy balance is:

ΩsE
∞

g (0,Ts) = ΩcE∞

g (V,T ). (3)

On the left is the absorbed radiative heat flux from the sun and on the right is the cell’s emission. The energy fluxes integrals

are given by:

Eb
a (V,T ) :=

2e

c2h3

∫ b

a

E3dE

exp E−V
kT

−1
. (4)

Seemingly the problem is now resolved; we have two constraints at our disposal to fix the two unknown state variables of

the cell, T , and V . However, as we shall soon see, these two constraints are not compatible in our case: Figure 1 shows the

V (T ) from Eq. (1) in blue and that from Eq. (3) in red. The system’s parameters are chosen to resemble a silicon cell in an

Earth-like orbit around the sun, namely Ωs = 6.87×10−5sr, Ωc = π sr, g = 1.12eV , and Ts = 5778K. It can be seen that there

is no V (T ) that simultaneously solves Eqs. (1) and (3) over the thermodynamically valid range of temperatures and potentials

(0 < T < Ts and 0 <V < g). We, therefore, conclude that while DB and thermodynamics may seem to be compatible in some

circumstances, fundamentally, at their present form, they are not. A similar conclusion has also emerged in the analysis of a

thermoradiative PV device.7

1 DB–EB unification

So far, we have seen that the DB and EB are distinct constraints of the PV process, which led us to conclude that the DB cannot

be a consequence of thermodynamics. Assuming that our isolated cell has to, somehow, uphold both its DB and EB constraints,

we conclude that there has to be a missing flux term in Eq. (1) or (3). Moreover, since our cell is not in contact with any material,

this missing flux has to be radiative. So far, the absorption/emission of radiation from our cell was restricted by the assumption

of a step emissivity, namely zero below the material bandgap and one above it. The above discussion has led us to suspect
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Figure 1. The potential – temperature dependency of the DB relation of Eq. (1) in blue and that of the EB relation from Eq.

(3) in red. Inset shows that no intersection emerges even at low temperatures. The green line shows an EB solution of Eq. (7)

with εb = 0.015 (and with I = Q = 0).
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that this idealization is, perhaps, the cause of the DB-EB controversy we have found. The non-step-like emissivity of actual

semiconductors support this suspicion, a fact already incorporated into the SQ approach.2 In particular, we note the observed

significant variations in the sub-bandgap emissivity of heated semiconductors, up to the point where practically a black-body

source is being observed.13–15 We are thus led to study a PV system with non-zero sub-bandgap emissivity/absorptivity. Since

the generation of electron-hole pairs cannot be affected by sub-bandgap processes, the only modification is to the EB constraint,

which now reads:

ΩsεsbgE
g
0 (0,Ts)+ΩsE

∞

g (0,Ts) = ΩcεsbgE
g
0 (0,T )+ΩcE∞

g (V,T ). (5)

Here, εsbg is the factor that characterizes the amount of sub-bandgap emission and absorption. The assignment of V = 0 for the

sub-bandgap emission on the right of Eq. (5) indicates this is a thermal radiation source from the semiconductor. Note that

since the above bandgap absorption/emission is the same for the DB and EB constraints, relaxing its idealized value of 1 would

not resolve the controversy and, likewise, for the same reason, a shift in the bandgap g.

The green line in Fig. 1 shows V (T ) from Eq. (5) for εsbg = 0.015. The intersection that emerges at a little over 800K is a

clear indication of a V (T ) that simultaneously satisfies both Eqs. (1) and (5). εsbg is not unique though; different values would

give different intersections on the DB curve.

Being that the isolated cell was merely an example (albeit an important one) the general form of the DB law is:

ΩsN
∞

g (0,Ts) = ΩcN∞

g (V,T )+ I , (6)

and the general form of the EB law is:

εsbgΩsE
g
0 (0,Ts)+ΩsE

∞

g (0,Ts) = εsbgΩcE
g
0 (0,T )+ΩcE∞

g (V,T )+ ẼI +Q . (7)

We allowed the PV process to produce current I and dissipate conductive heat Q. Most importantly, Ẽ is the average energy

carried out of the system by an electron-hole pair. The set of Eqs. (6) – (7) can be solved for any PV system under any set of

external parameters. If the heat convection or the current becomes too small, then εsbg > 0 emerges that allows a simultaneous

solution of Eqs. 6 and 7 to emerge.

2 The Role of Entropy

We have seen that a finite amount of sub-bandgap emissivity, εsbg, is necessary for a PV process to uphold its DB and EB

constraints simultaneously. The exact value of which is thus far left arbitrary. In reality, εsbg emerges from the charge

fluctuations of a specific material system, the exact nature of which is outside the scope of this study. Alternatively, a valid

thermodynamic question would be about its limit value. To answer this question, we invoke the entropy balance (SB) of the PV

process:

εsbgΩsS
g
0(0,Ts)+ΩsS

∞

g (0,T )+Sg =

εsbgΩcS
g
0(0,T )+ΩcS∞

g (V,T )+ S̃I +Q/T ,
(8)

where we have included the sub-bandgap emission/absorption and S̃ for the electron-hole pair entropy. Most importantly, Eq.

(8) includes the irreversible entropy generation Sg. The entropy fluxes of Eq. (8) are given by:16

Sb
a(V,T ) :=

2ke

c2h3

∫ b

a
E2 (Φ1 −Φ2)dE , (9)

with:

Φ1 :=

(

1+
1

exp E−V
kT

−1

)

ln

(

1+
1

exp E−V
kT

−1

)

,

and:

Φ2 :=

(

1

exp E−V
kT

−1

)

ln

(

1

exp E−V
kT

−1

)

.

Equation (8) allow us to fix the thermodynamic limit of εsbg by minimizing Sg. We have thus arrived at a unified formalism that

allows a PV process to simultaneously fulfill its DB constraint from Eq. (6) and thermodynamics first and second law in the

form of Eqs. (7) and (8).
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Figure 2. State variables of the PV converter as a function of its thermal conductivity and solar concentration factor. The

temperature, open circuit voltage, and sub-bandgap emissivity limit (εsbg) are shown in panels (a) – (c), respectively. Other

parameters were Ts = 5778K, Ωs = 6.87×10−5sr, and Ωc = π .

Discussion

We have found that introducing a finite amount of sub-bandgap emissivity, εsbg, allows the DB and EB constraints of a PV

process to be upheld at all times. In addition, we have found the thermodynamic limit of εsbg by minimizing the irreversible

entropy generation of the process, Sg. We have thus arrived at a unified model that allows a PV process to uphold its DB

constraint and, in addition, thermodynamics’ first and second laws. In the following, we illustrate some of the model’s main

features and compare them to the SQ approach.

Open-Circuit Cell

Let us somewhat relax the cell’s constraints from the previous example by allowing heat conduction to some environment

but still at an open circuit (I = 0). The conductive heat flux is taken to be Q = σ(T −300) with σ being the heat conduction

coefficient (conductivity).

Figure 2 shows the temperature (T ), open circuit potential (Voc), and sub-bandgap emissivity limit (εsbg) for a cell illuminated

by a 5778K source (not an AM1.5 source) while conducting heat to a 300K environment. The results are false-color maps plotted

against the heat conductivity σ and solar concentration. Expectedly, the temperature increases with the solar concentration and

decreases once the conductivity rises. Also, the open-circuit voltage (Voc) is reciprocal to the temperature throughout the range

of concentration and conductivity values. Finally, εsbg shows a similar trend as the temperature, in agreement with the known

behavior of semiconductors at elevated temperatures.13–15 However, unlike these past studies, here, the thermodynamic limit of

this property, εsbg, is one of the system’s variables, just like T and V , rather than being an external parameter. For the most part,

however, the value of εsbg is negligible unless high concentrations or low thermal conductivities are encountered – a known

heuristic fact.20 Still, it is interesting to see such behavior emerging based on purely thermodynamic considerations. As we

shall subsequently see, this fact has a profound impact on the cell’s ability to produce work at elevated temperatures.

Work-Producing Cell

We now turn to a cell that passes current to some load while conducting heat to its environment, namely for I ̸= 0 and Q ̸= 0.

To solve this case, we must specify the energy and entropy of an electron-hole pair, and we do so in the most a straightforward

manner:

Ẽ =
E∞

g (V,T )

N∞
g (V,T )

,

S̃ =
S∞

g (V,T )

N∞
g (V,T )

.

The above expressions consider all energy and entropy sources, kinetic and potential, due to T and V , respectively.

Figure 3 shows the efficiency, temperature (T ), maximal power point potential (Vm), and the sub-bandgap emissivity limit

(εsbg) as a function of the bandgap g and conductivity σ . Note the different scales in (b) and (d). It is seen that the efficiency

rises with conductivity in the bandgap range that produces maximal efficiency (g ≃ 1−1.7eV ). Thus, a cell must be allowed

to conduct enough heat for a high-efficiency operation – another known fact that finds thermodynamic support here. More
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Figure 3. Performance and state variables of a PV converter at its maximal power production point as a function of the

bandgap g and the thermal conductivity σ . Panels (a)-(d) shows the efficiency, temperature (T ), maximal power point potential

(Vm), and sub-bandgap emissivity limit (εsbg), respectively. The dotted white lines shows Vm = εsbg = 0. Other parameters were

5778K, Ωs = 6.87×10−5 sr, and Ωc = π . Note that plots have different scales.

importantly, however, here, the source of the reduction is identified with the heat conduction rather than the less informative

identification of temperature’s detrimental effect.21, 22 For the most part, the temperature in (b) also rises once the bandgap

or the conductivity becomes small. The rise at smaller bandgap is due to an excess of electron-hole pair thermalization. The

notation of "most part" is appropriate since below a certain bandgap, the temperature becomes independent of the conductivity,

e.g., the 600K and 1000K iso-temperature lines are practically vertical at respective bandgaps of ∼ 0.25eV and ∼ 0.8eV .

To understand why this is so, we note that the Sg minimization tends to favor small values of V and εsbg, but one is always

more rewarding than the other. To illustrate this fact, let us observe the maximal power point potential, Vm in (c) and the

corresponding sub-bandgap emissivity limit, εsbg, in (d). It is seen that Vm rises with bandgap, as it should, and drops for

small conductivities, which causes the efficiency drop in (a). The corresponding sub-bandgap emissivity, εsbg, demonstrates an

opposite behavior. As seen in (d), it rises for smaller conductivities and bandgaps. The dotted white line in (a)-(d) shows where

Vm = εsbg = 0. This line defines two regimes: To the right, the Sg minimization is more rewarding for εsbg so there it is zero.

Minimization for V is favorable on the left of this line, so Vm nulls there. The line’s wavy nature is a numerical artifact.

Lastly, Fig. 4 shows the bandgap-dependent efficiency for different conductivity values. The marker color shows the

bandgap-dependent temperature. The efficiency is calculated as max(IV )/[ΩsE
∞

0 (0,Ts)]. It is seen that the efficiency comes

closer to the SQ limit as the thermal conductance rises, which is a little over 30% for the 5778K blackbody source (not to be

confused with the ∼ 33% efficiency that an AM1.5 produces). However, the efficiency deviates significantly from the SQ limit
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Figure 4. Efficiency as a function of the cell’s bandgap for different conductivity values σ . The cell’s temperature at each

bandgap and conductivity values is shown by the color bar on the right. The black line shows the SQ limit, which is σ −→ ∞ in

our formalism. Note that a SQ limit of ≃ 31% is the correct value for a black body source Ts = 5778K. Other system

parameters are Ωs = 6.87×10−5sr, and Ωc = π .

once the conductivity becomes small. The rise in temperature at smaller bandgaps is due to thermalization. The temperature

reaches a maximum once the work and, therefore, the efficiency first nulls, which is also seen in Fig. 3(b). Beyond this point,

the trend flips, and the temperature decreases at smaller bandgaps. As previously shown, this flip is due to the onset of nonzero

εsbg. The temperature also rises for smaller conductivity values. It is thus seen that in our model, the efficiency limit is a

function not only of the bandgap as in the SQ approach but also depends on the cell’s ability to conduct heat.

Summary and Conclusions

We have used the case study of an isolated open-circuit cell to illustrate that our present understanding of the PV effect falls short

of being compatible with the laws of thermodynamics. This case study also pointed to the sub-bandgap emissivity/absorptivity

as the missing part of the PV energy balance. It is important to note that by itself, the fact that materials possess such emissivity

is not new. However, this emissivity was so far considered an imperfection that could be overcome, at least in principle. We

have shown that this is not always true: There are circumstances that a PV process has to maintain a certain amount of such

emissivity, the minimal amount of which is found by minimizing the generated entropy. As a result, we proposed a formulation

that allows a PV process to explicitly uphold its DB constraint, in addition to the laws of thermodynamics. Our formalism sees

two operational regimes for the PV process: one with zero potential and a finite sub-bandgap emissivity and a second opposite,

and, therefore, work producing. The proposed model has far-reaching implications beyond the scope of a single junction solar

cell. The model can be adapted for every PV power production scheme such as multijunction cells, thermoradiative cells,

thermophotonic cells, and negative illumination cells.17–19 The model can also accommodate the presence of nonradiative

recombinations. Most importantly, however, our formalism allows heat conduction to enter the analysis of the PV effect.

We expect that this inclusion is critical for the advancement of any PV process with an ample supply of radiative heat or

with a limited ability to conduct heat such as advanced space solar cells,20, 23–25 and concentrated solar cells for outer space

applications.26, 27
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Methods

The integrals were calculated using MATLAB’s built in function ’integrate’. First, the DB equation (6) was solved, to find

the potentials V corresponding to a range of prescribed temperatures T . Later, these V and T values were inserted to the EB

equation (7) to find the corresponding sub-bandgap emissivity values εsbg. The calculated V , T , and εsbg values were then

inserted to the SB equation (8), whereupon a unique solution emerged from a minimization of Sg.
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