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ABSTRACT: Thermophotovoltaic systems, like all thermal engines, are constrained by the
trade-off between efficiency and power density. Standard thermophotovoltaic systems can have
efficiency approaching the Carnot limit only when the power density approaches zero. Here,
we propose a nonreciprocal thermophotovoltaic system consisting of multiple nonreciprocal
photovoltaic layers. With an infinite number of nonreciprocal photovoltaic layers, our engine
can operate at the Carnot efficiency while generating nonzero power. Furthermore, we show
that with a finite number of layers, nonreciprocal thermophotovoltaic systems can significantly outperform their reciprocal
counterparts. Our work points to the opportunities of exploiting nonreciprocity in thermophotovoltaic systems.
KEYWORDS: thermophotovoltaics, nonreciprocity, Carnot efficiency

■ INTRODUCTION
A thermophotovoltaic (TPV) system is an energy harvesting
system that converts a temperature gradient into electricity
through a photovoltaic (PV) process.1−17 It consists of a hot
emitter that radiates light and a relatively cold PV cell that
receives the thermal radiation and generates electrical power.
Over the past few years, there has been significant improve-
ment in the efficiencies of experimentally demonstrated TPV
systems.18−20 In particular, it has been shown that the use of
multijunction PV cells with multiple band gaps can
considerably enhance the efficiency of TPV systems.21 (We
note that the efficiencies of refs 18−21 are the “pairwise”
efficiencies according to the definition of efficiency in ref 22.)
For the design of any thermal engine, the fundamental

question is to understand its theoretical efficiency limit and to
elucidate the behavior of the engine as its efficiency approaches
the theoretical limit. For a TPV system, high efficiency can be
reached with the use of a thermal emitter that generates a
narrow-band thermal radiation with its frequency matching the
band gap of the semiconductor PV cell. In particular, the
Carnot efficiency can be attained when the bandwidth of the
emitter approaches zero.2 However, in this case, the generated
power density also approaches zero. Therefore, an open
theoretical question is to design a TPV system that can
maintain high power density while its efficiency approaches the
Carnot limit.23,24

In this paper, we propose a TPV system that consists of
multilayered nonreciprocal PV cells placed on both the hot and
the cold side of the TPV system (Figure 1a) and investigate
the theoretical limits to the performance. We show that in the
limit of an infinite number of layers, the system can operate at
the Carnot efficiency with nonzero power density. Moreover,
the system can maintain both high efficiency and high power
density with a finite number of layers.

Our work is related to ref 25, which showed that in solar
energy harvesting the Landsberg limit can be reached by a
multilayered nonreciprocal PV cell. Compared with the ref 25,
here we place the PV cells on both the hot and the cold side of
the heat engine, as is appropriate for a TPV system. Our work
is also related to the work of Buddhiraju et al., who showed
that the Carnot limit can be reached for thermal energy
harvesting at maximum power.26 Reference 26 utilized a
configuration consisting of Carnot engines and optical
circulators. Our configuration based on nonreciprocal PV
cells is more compact and more readily implementable. All
these works, including our present paper and the earlier works,
emphasize the essential role that nonreciprocity plays in
reaching the theoretical limit of energy harvesting.25−30

■ NONRECIPROCAL TPV SYSTEM
Figure 1a shows the illustration of our nonreciprocal TPV
system. Each bar labeled as n, where n = 1, 2, ..., M, represents
a layer of PV cell with band gap En. We assume E1 < E2 < ··· <
EM. The PV cells are placed on the hot side as well as the cold
side, M layers each. Every layer on the hot side is in thermal
contact with a thermal bath at temperature TH, and thus, their
temperatures are maintained at TH. Similarly, the temperatures
of the cold side layers are set to TL.
In this work, for the PV layers, we refer to the design of a

semitransparent nonreciprocal absorber proposed in ref 31.
Light transport properties of a single layer are shown in Figure
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1c. Light incident from one side with energy above the band
gap is completely absorbed, and the emission from the layer
goes entirely to the opposite side. Then, according to ref 31, in
order to satisfy the second law of thermodynamics and the
balance of energy flows under thermal equilibrium, light
incident from the opposite side has to be completely
transmitted through the layer without absorption. Reference
31 has shown that such a nonreciprocal system can be
implemented by the use of magneto-optical materials. We also
assume that these layers have no nonradiative recombination.
For a description of the operating mechanism of the system,

we look at the cold side first. Radiation from the hot side is
incident upon the leftmost layer (the Mth layer) on the cold
side. The nth layer on the cold side absorbs photons with
energy above En incident from the left and emits photons with
energy above En to the right. The emitted photons from the
rightmost layer (the first layer) are reflected by a perfect mirror
(black rectangle) and travel through all the nonreciprocal PV
cell layers on the cold side without absorption, to reach the hot
side of the system. On the hot side, the layer configuration and
the photon transport process are a mirror image of those on
the cold side. We assume that the electric power is extracted

from every layer if possible, and the total power is the sum of
the power from all the layers.
For this system, we first analyze the case of M = ∞, in which

the band gap energy E and operating voltages change
continuously between consecutive PV layers. We consider
energy E starting from zero and continuously increasing up to
infinity, and we define VH(E) and VL(E) as operating voltages
of the PV layers with band gap E on the hot and the cold side,
respectively. VH(0) is the operating voltage of the leftmost hot
side layer, and VL(0) is the operating voltage of the rightmost
cold side layer. Note that as pointed out by Buddhiraju et al.,26

at optimal power generation, the cold side of the TPV system
operates under “positive illumination”, while the hot side
operates under “negative illumination”.32−34 The power-
generating mechanism of the hot side is also referred to as
“thermoradiative effect” in many references, as a counterpart to
the “thermophotovoltaic effect” of the cold side.35 On the cold
side PV layers, the photon absorption rate exceeds the
emission rate, which generates a current flow, and the PN-
junction of a PV cell is forward biased. On the hot side PV
layers, the emission rate exceeds the absorption rate, which
causes the current to flow in the opposite direction and the

Figure 1. (a) Our nonreciprocal multijunction TPV system. (b) Reciprocal counterpart of our nonreciprocal TPV system. In (a) and (b), each bar
represents a PV layer, where the height of the white area indicates its band gap. Each arrow represents light traveling in its direction with energy
corresponding to its vertical position. Thick arrows represent light originating from the other side of the TPV system, and thin arrows indicate light
emitted from the PV layers. (c, d) Light transport properties of a nonreciprocal PV layer (c) and a reciprocal PV layer (d).
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PN-junction is reverse biased. In this work, we follow the sign
convention where a positive voltage corresponds to a forward
bias in the PN-junction of a PV cell, and a positive current
corresponds to a flow of an external current from the P to the
N regions. Therefore, with our sign convention, the currents
and voltages of the layers on the cold side are non-negative,
while those of the hot side are nonpositive.
First, we focus on the cold side. The photon flux that the

cold side receives from the hot side originates from the
leftmost layer of the hot side and has the following spectrum,
per unit energy interval:

( )
n E

h c
E

( )
2

exp 1E qV
kT

L 3 2

2

(0)H

H

=
(1)

where h, c, and k are the Planck constant, the speed of light in
vacuum, and the Boltzmann constant, respectively. Therefore,
high VH(0) increases the photon flux, which is advantageous
for enhancing the current collected from the cold side PV
layers. Since the voltages of the layers on the hot side are
nonpositive, we start by setting VH(0) = 0, and we will later
show that this choice is consistent from a power optimization
point of view. Under this condition, finding VL(E) as a
function of E that maximizes the cold side power is identical to
the procedure introduced by Park et al., where efficiency-
maximizing condition of a nonreciprocal infinite-junction solar
cell is determined.25 This leads to the following result:
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where q is the elementary charge, σ is the Stefan−Boltzmann
constant, and WL is the total power output from the cold side
PV layers. Note that VL(0) in this case is zero, as a result of
power maximization on the cold side.
We now move on to the hot side. The photon flux that the

hot side PV layers receive is from the rightmost layer of the
cold side and has the following spectrum, per unit energy
interval:
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The hot side operates under negative illumination with
nonpositive currents, which results in electric power extraction
from the net emitted photon flux. From the optimization of the
cold side as determined above, we set VL(0) = 0. Then, VH(E)
that maximizes the hot side power under this condition can be
determined by following similar steps to those for finding
VL(E). This leads to the following result:
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where WH is the total power output from the hot side PV
layers. Note that VH(0) is zero, as a result of the optimization

of the hot side. Thus, our initial setting of VH(0) = 0 is self-
consistent from the power optimization point of view.
Since the operating conditions that maximize the power

output from the cold side and the hot side are consistent with
each other, eqs 2a and 4a are the operating voltages as
functions of E that maximize the total power output from the
TPV system of Figure 1a. The total power that this TPV
system produces under this condition is

W W W T T T T
4
3

( )( )L H H
3

L
3

H L= + =
(5)

We now calculate the TPV efficiency corresponding to this
power-maximizing condition. TPV efficiency is calculated by
normalizing the output electric power against the total heat
that all the hot side PV layers receive from the thermal bath to
maintain their temperatures. Following the method of Li et
al.,15 this normalization factor can be calculated by applying
the thermal balance equation to each of the hot side PV layers.
This leads to the following result:
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Then, the corresponding efficiency is

W
Q

T
T

1
H

L

H
= =

(7)

which is the Carnot efficiency of an engine operating between
TH and TL.
Equations 5 and 7 show that the nonreciprocal TPV system

of Figure 1a can achieve nonzero power generation at the
Carnot efficiency when an infinite number of layers are used.
For finite systems, from fundamental thermodynamic consid-
erations, one should expect that Carnot efficiency can be
exactly reached only when the generated power is zero.24

Nevertheless, our result on an infinite system points to a
potential performance improvement that nonreciprocity can
bring to TPV systems that consist of a finite number of layers
as well. Below we illustrate such improvement.

■ COMPARISON TO RECIPROCAL TPV SYSTEMS
We first introduce a configuration of a reciprocal TPV system,
shown in Figure 1b, that can be a reasonable counterpart of
our nonreciprocal TPV system. The reciprocal TPV system of
Figure 1b is related to a multijunction solar PV system
proposed by Marti ́ and Arauj́o36 and is similar in structure to
our nonreciprocal TPV system of Figure 1a except for two
differences. First, every PV layer is reciprocal, meaning that the
layer satisfies Kirchhoff’s law and the absorptivity of the layer
for light from one side is equal to the emissivity of the layer to
the same side (Figure 1d). Second, low-pass energy filters are
placed between adjacent PV layers. The threshold of the filter
between the nth and (n − 1)th layer is En. Therefore, photons
with energy higher than En are reflected back to where they
were emitted from, as shown by thin curved arrows
neighboring each black filter in Figure 1b. The use of these
low-pass filters prevents the photons emitted from the nth layer
from going to the (n − 1)th layer where the band gap is En−1
and allows these photons to be reabsorbed by the nth layer
where the band gap En is higher than En−1. This leads to higher
power output compared to the configuration without the
filters.36 Due to these differences, thermal radiation absorbed
by the nth cold side layer originates from the nth hot side layer.
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Likewise, the nth hot side layer absorbs the photons emitted
from the nth cold side layer. In other words, heat transfer only
occurs between hot side and cold side layers of the same band
gap.
We then compare the performance of our nonreciprocal

TPV system (Figure 1a) to that of the reciprocal TPV system
(Figure 1b) for varying number of PV layers, from the single-
layered case (M = 1) to the infinite-layered case (M = ∞). As
aforementioned, efficiency by itself is not an ideal way to
evaluate the performance of a TPV system, and it is important
to consider both efficiency and power output simultaneously.
Thus, here we find the power-maximizing conditions and
compare the resulting optimal power output as well as the
efficiency when the maximum power is achieved. We note that
while we aim for power maximization, we avoid the
thermophotonic operation of the TPV systems to focus solely
on the effect of nonreciprocity.37 We therefore impose a
constraint that power output from each PV layer, both on the
hot side and the cold side, is non-negative.
We set TL to a room temperature of 300 K and TH to 1500

K, which are reasonable values for TPV systems.18−21,38,39 We
note that here for illustration purpose we assume that the hot
side has a temperature of 1500 K. In practice, many PV cells
may no longer operate properly at such a high temperature.
Our design, on the other hand, is applicable when the hot side
temperature is significantly lower as well. We consider the case
in which there are M number of layers on each side of the TPV
system. In this case, the variables that we can tune are the band
gaps (E1, E2, ..., EM), operating voltages of the hot side layers
(VH1, VH2, ..., VHM), and operating voltages of the cold side
layers (VL1, VL2, ..., VLM).
Power maximization is conducted following the efficiency

maximization process of Park et al.25 or Brown and Green.40

Current collected at each layer can be calculated from the
difference between absorbed and emitted photon flux. Then,
power generated from each layer is simply the collected current
multiplied by the operating voltage of the layer. The total
power output from the system is the sum of power from every
layer. We find optimal conditions of band gaps and operating
voltages so that the total generated power is maximized. After
finding the power-maximizing condition, we work out the
efficiency corresponding to this condition, following a
procedure similar to that used for deriving eqs 6 and 7.
For the case with an infinite number of layers, the result for

the nonreciprocal TPV system has been already shown in eqs 5
and 7. For the reciprocal system, calculation similar to that of
Brown and Green40 or Vos41 can be done to work out the
maximum power and corresponding efficiency.
Figure 2 shows the result summarizing the maximum power

and efficiency calculation above. Each point on the solid-line
plots represents a case with a finite number of layers. The most
bottom-left data point is the single-layered case (M = 1). In
this case, performances of the nonreciprocal and reciprocal
TPV system are equal because with one layer on each side the
effects of the photon transfer processes are essentially identical.
As the number of layers increases, both the power and the
efficiency increase, as shown in Figure 2. Both the power and
the efficiency reach the maximum with an infinite number of
layers. As mentioned above, for our nonreciprocal TPV system,
the efficiency at the infinite-layer limit is the Carnot efficiency.
On the other hand, the reciprocal system does not reach the
Carnot efficiency even in the infinite-layer limit. We stress that
other than the single-layered case, nonreciprocal TPV systems

always outperform the reciprocal counterparts in terms of both
maximum power and corresponding efficiency. Especially in
the infinite limit, the nonreciprocal system produces 1.8 times
more power than the reciprocal system. Data of maximum
power outputs and efficiencies for M = 1, 2, 3, ∞, are
organized in Tables 1 and 2, together with corresponding
optimal band gaps and operating voltages.
Optimization conducted aiming for power maximization

tends to prefer thermophotonic operation of the system, where
the operating voltages of the hot side PV layers are positive,
resulting in increased light emission from the hot side and
higher power generation from the cold side. These
thermophotonic systems are known for operating with
significantly high power density.37 In such thermophotonic
operation, the PV layers on the hot side consume rather than
produce power. However, as discussed above, we have
imposed a constraint for avoiding thermophotonic operation
by requiring power output from each layer to be non-negative.
In our case, power maximization ends up pushing the hot side
operating voltages to zero, which is the upper bound we set. In
the nonreciprocal TPV system of Figure 1a, photon flux that
every cold side PV layer receives from the hot side originates
from the leftmost layer of the hot side. Therefore, among the
hot side operating voltages VH1, VH2, ..., VHM, only VH1 of the
leftmost layer is involved in the calculation of power output
from the cold side. In the reciprocal case of Figure 1b,
however, the photon flux that the nth cold side layer absorbs
originates from the nth hot side layer only and, thus, is
determined by VHn of the nth hot side layer. As a result, for the
nonreciprocal case, only VH1 is pushed to zero under power-
maximizing conditions (Table 1), but for the reciprocal case,
every hot side operating voltage is (Table 2). Consequently,
for M ≥ 2, power is only generated from the cold side in the
reciprocal case, but from both sides in the nonreciprocal case.
This is why the maximum power values that we attain with
nonreciprocal TPV systems exceed those of reciprocal TPV
systems for M ≥ 2. Note also that power maximization of a
reciprocal TPV system follows the same optimization process
as that for efficiency maximization of a multijunction solar
cell40 because all the hot side operating voltages end up being
zero.

Figure 2. Plot of maximum power vs corresponding efficiency for
nonreciprocal TPV systems and reciprocal counterparts (TH = 1500
K, TL = 300 K). Each point on the solid-line plots represents a case
with a finite number of layers. The bottom-left is the single-layered
case, and the corresponding number of layers increases as we move in
the upper-right direction of the solid-line plot. The points on the most
right show the result for infinite-layered cases.
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■ VARYING OPERATING CONDITIONS

To further elaborate on the relation between power output and
efficiency of TPV systems, we show a power vs efficiency plot
of various operating conditions in Figure 3. We fix the band
gaps at the optimal values determined in the previous section,
that is, the band gaps shown in Tables 1 and 2, and we vary the

operating voltages of the PV layers. We then observe how the
output power and efficiency appear under each operating
condition.
Figure 3a shows the plot for the single-layered TPV system

(M = 1), in which the operation of nonreciprocal and
reciprocal TPV systems is identical. Each curve is obtained by

Table 1. Data of Band Gaps, Operating Voltages, Maximum Powers, and Efficiencies of Our Nonreciprocal TPV Systems
(Figure 1a) under Power-Maximizing Conditions for TH = 1500 K and TL = 300 K

band gaps (eV) operating voltages (V)

M E1 E2 E3 VH1 VH2 VH3 VL1 VL2 VL3 max power (W/cm2) eff (%)

1 0.27 0 0.22 9.0 41.8
2 0.16 0.33 0 −0.13 0.13 0.27 14.0 50.6
3 0.11 0.21 0.41 0 −0.10 −0.23 0.09 0.18 0.33 17.1 56.0
∞ 30.4 80.0

Table 2. Data of Band Gaps, Operating Voltages, Maximum Powers, and Efficiencies of Reciprocal TPV Systems (Figure 1b)
under Power-Maximizing Conditions for TH = 1500 K and TL = 300 K

band gaps (eV) operating voltages (V)

M E1 E2 E3 VH1 VH2 VH3 VL1 VL2 VL3 max power (W/cm2) eff (%)

1 0.27 0 0.22 9.0 41.8
2 0.18 0.43 0 0 0.15 0.33 12.2 49.8
3 0.14 0.32 0.55 0 0 0 0.12 0.24 0.42 13.7 54.2
∞ 17.0 65.6

Figure 3. Power vs efficiency plots of various operating conditions (TH = 1500 K, TL = 300 K). (a) Single-layered case. Each curve in (a) is
obtained by sweeping the operating voltage of the cold side while fixing that of the hot side at the marked values. (b) Reciprocal double-layered
case. (c) Nonreciprocal double-layered case. (d) Reciprocal infinite-layered case. (e) Nonreciprocal infinite-layered case. Each point in (b)−(e)
represents the power output and efficiency of a certain operating condition.
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sweeping the operating voltage of the cold side VL1, while fixing
the operating voltage of the hot side VH1 at the marked values
in the figure. Note that VL1 increases in the direction of the
arrows in the plot. Initially, the power and efficiency of the
system increase with VL1, but as VL1 increases further, both the
power and efficiency reduce down to zero. Consequently, the
area in the power vs efficiency plot that can be covered by all
the possible operating conditions becomes limited. We note
that this limited area in Figure 3a shows that power output
reduces down to zero as efficiency approaches the Carnot limit.
When M ≥ 2, the trajectory plot obtained by sweeping a

single variable like Figure 3a is no longer applicable since there
are at least four voltage variables that define an operating
condition. Therefore, for multilayered systems, we express each
possible operating condition by its corresponding point in the
plots. Figure 3b and c show the plots for double-layered
systems (M = 2), the reciprocal and nonreciprocal case,
respectively. Again, for both these cases, areas that can be
covered by the possible operating conditions are limited, and
in the same way as the M = 1 case, power outputs decrease to
zero as efficiencies move toward the Carnot limit. These
examples of Figure 3a−c show the trade-off between power
output and efficiency in finite systems and are in agreement
with the work by Shiraishi et al.24 Another point to note is that
in multilayered systems (M ≥ 2), the nonreciprocal case covers
regions with better performance, that is, high-power and high-
efficiency regions, compared to the reciprocal case.
Figure 3d and e show the reciprocal and nonreciprocal

infinite-layered case (M = ∞), respectively, in which the band
gap E continuously increases from zero to infinity. For Figure
3d, we tune VH(E) and VL(E), which are the operating voltages
of the PV layers with band gap E on the hot and the cold side,
respectively, following a certain form of function:

V E
T
T

E( ) 1H H
H

L

i
k
jjjjj

y
{
zzzzz=

(8a)

V E
T
T

E( ) 1L L
L

H

i
k
jjjjj

y
{
zzzzz=

(8b)

where αH and αL are coefficients defined for considering
various operating conditions. Similarly, in Figure 3e, we tune
the operating voltages following the form
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where βH and βL are coefficients defined for varying the
functions, and VH0, which is also a variable, is the operating
voltage of the leftmost hot side PV layer in Figure 1a. E0 is the
band gap, above which nonzero VL(E) starts to appear, and
this is a variable as well. We note that following the forms of
eqs 8a−9b allows us to conveniently avoid thermophotonic
operation. In Figure 3d and e, the bottom blank regions appear
because the specific function forms of eqs 8a−9b prevent the
system from reaching these regions. We believe that if we set
VH(E) and VL(E) to other reasonable functions, these areas
may be filled in. Figure 3d shows that even in the infinite-
layered limit, power output from the reciprocal TPV system
decreases to zero as Carnot efficiency is reached by tuning the

operating condition. On the other hand, as shown in Figure 3e,
our nonreciprocal TPV system can attain nonzero power
output at Carnot efficiency with an infinite number of layers,
which is something that reciprocal systems cannot achieve.
Note also that the nonreciprocal case covers far more well-
performing operation regions than the reciprocal case.

■ CONCLUSION
In conclusion, we demonstrate that nonreciprocity can play a
significant role in improving the performance of a multi-
junction TPV system. We propose a configuration of a
nonreciprocal TPV system that can operate at the Carnot
efficiency while generating nonzero power in the infinite limit.
Even in the case with a finite number of PV layers, as long as
our TPV system consists of more than one pair of layers, it
outperforms its reciprocal counterpart. Furthermore, by
observing the TPV performance under various operating
conditions, we show that nonreciprocity is crucial for achieving
high efficiency and high power output simultaneously.
Considering how little has been explored with regard to
applying the concept of nonreciprocity in TPV systems, our
work has great potential to provide new opportunities for
improving the performance of TPV engines beyond the
conventional range.
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