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NONRECIPROCAL SOLAR
THERMOPHOTOVOLTAICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of and priority
to U.S. Provisional Patent Application Ser. No. 63/408,168,
filed on Sep. 20, 2022, U.S. Provisional Patent Application
Ser. No. 63/330,426, filed on Apr. 13, 2022, and U.S.
Provisional Patent Application Ser. No. 63/325,733, filed on
Mar. 31, 2022, the entire content of each being hereby
incorporated by reference.

TECHNICAL FIELD

The present disclosure relates to nonreciprocal Solar
thermophotovoltaic (STPV) systems.

BACKGROUND

As a popular way to harvest solar energy, solar cells play
an important role in achieving energy sustainability and
security. Typical solar cells, however, only use part of the
solar spectrum that is above the bandgap of the cell to
produce electricity. Such restriction constrains the efliciency
of single-junction solar cells to the well-known Shockley-
Queisser (SQ) limit (40.7%) for fully concentrated sunlight.
Solar thermophotovoltaic (STPV) systems offer a solution to
utilizing the full solar spectrum. An STPV system utilizes an
intermediate layer between the sun and the STPV cell. The
front side of the intermediate layer, i.e., the side facing the
sun, is designed to absorb all photons coming from the sun.
In this way, the solar energy is converted to the thermal
energy of the intermediate layer and elevates the tempera-
ture of the intermediate layer. The backside of the interme-
diate layer is designed such that it only emits photons that
have higher energy than the bandgap of the STPV cell. In
doing so, STPV can harvest the full spectrum of solar
radiation. The thermodynamic limit of STPVs has been
shown to be the blackbody limit (85.4%). Besides the
improved efficiency, STPVs promise compactness and dis-
patchability as compared to traditional solar cells. For
example, one could store the thermal energy in the daytime
in the thermal energy grid and convert this energy to produce
electricity in the nighttime. Because of these attractive
advantages and promises, STPVs have drawn tremendous
attention in both small-scale and large-scale power produc-
tion systems.

Despite the significant efficiency improvement over solar
cells, traditional STPVs still have detrimental irreversibility
or exergy destruction. This is because the intermediate layer
in conventional STPVs is a reciprocal optical component, in
which Kirchhoff s law of thermal radiation is valid. There-
fore, the emissivity and absorptivity are always equal for a
given direction, polarization, and frequency. Reciprocity
guarantees that, while the intermediate layer is receiving the
sunlight, there is unavoidable thermal emission from the
front side of the intermediate layer towards the sun. Such
back emission is intrinsic to the system and cannot be
eliminated by spectral control of the emissivity of the
absorber. Since the emission towards the sun cannot be
harvested and essentially is lost, this back emission repre-
sents a primary intrinsic loss mechanism, especially consid-
ering that the temperature of the intermedia layer can reach
2000 K or even higher.
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2

Accordingly, there is interest in advances in solar ther-
mophotovoltaic technology.

SUMMARY

An aspect of the present disclosure provides a nonrecip-
rocal solar thermophotovoltaic (STPV) system that includes
an absorber configured to absorb broad-spectrum solar
radiation and generate heat, an emitter having nonreciprocal
radiative properties and configured to absorb the heat, and a
photovoltaic cell configured to convert radiation from the
emitter to electrical energy. The absorber is disposed on the
emitter. The emitter is disposed on the photovoltaic cell.

In an aspect of the present disclosure, the emitter may be
configured to increase a photon flux to the photovoltaic cell
based on the nonreciprocal radiative properties.

In another aspect of the present disclosure, the emitter
may be configured to absorb incident heat and emit a
narrow-band infrared radiation.

In yet another aspect of the present disclosure, the emitter
may include a first side configured to absorb incident heat
and a second side configured to emit radiation.

In a further aspect of the present disclosure, the nonre-
ciprocal radiative properties may include absorbing heat
from the first side of the emitter and only emitting radiation
from the second side of the emitter.

In yet a further aspect of the present disclosure, the
photovoltaic cell may be a single-j unction photovoltaic cell.

In an aspect of the present disclosure, the emitter may be
configured to act as a heat circulator coupled with a black-
body.

In another aspect of the present disclosure, the emitter
may be wavelength-selective within a frequency range
above a bandgap of the photovoltaic cell.

In yet another aspect of the present disclosure, the emitter
may include a photonic crystal made of Indium Arsenide, a
Weyl semimetal, and/or a magneto-optical material.

In a further aspect of the present disclosure, the STPV
system may include a planar or a cylindrical shape.

In an aspect of the present disclosure, a method of use for
a nonreciprocal solar thermophotovoltaic (NSTPV) system
includes generating heat, by an absorber configured to
absorb broad-spectrum solar radiation incident thereon,
absorbing the heat by a first side of an emitter having
nonreciprocal radiative properties, and emitting radiation
from a second side of the emitter.

In another aspect of the present disclosure, the method
may further include absorbing the emitted radiation and
converting, by the photovoltaic cell, the emitted radiation to
electrical energy.

In yet another aspect of the present disclosure, the emitter
may be configured to increase a photon flux to the photo-
voltaic cell based on the nonreciprocal radiative properties.

In a further aspect of the present disclosure, the emitter
may be configured to absorb heat and provide a narrow-band
infrared emission.

In yet a further aspect of the present disclosure, the
nonreciprocal radiative properties may include absorbing
heat incident upon the first side of the emitter and only
emitting solar radiation from the second side of the emitter.

In an aspect of the present disclosure, the emitter may be
configured to be transparent when solar radiation is incident
upon the second side.

In another aspect of the present disclosure, the method
may further include filtering the broad-band solar radiation
to a frequency range narrower than the broad-band solar
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radiation by a wavelength-selective property of the emitter
wherein the frequency range is above a bandgap of the
photovoltaic cell.

In yet another aspect of the present disclosure, the emitter
may include a photonic crystal made of Indium Arsenide, a
Weyl semimetal, and/or a magneto-optical material.

In accordance with aspects of the disclosure, a solar panel
system includes a solar panel and an inverter. The solar panel
includes an absorber configured to absorb broad-spectrum
solar radiation incident thereon and to generate heat, an
emitter having nonreciprocal radiative properties, a photo-
voltaic cell configured to convert solar radiation to electrical
energy, and an inverter configured to convert the electrical
energy generated by the photovoltaic cell to an AC voltage.
The inverter is configured to convert the electrical energy
generated by the photovoltaic cell to an AC voltage.

In a further aspect of the present disclosure, the emitter
may be configured to absorb heat and emit a narrow-band
infrared radiation.

Further details and aspects of the present disclosure are
described in more detail below with reference to the
appended figures.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the features and advantages of
the present disclosure will be obtained by reference to the
following detailed description that sets forth illustrative
aspects, in which the principles of the present disclosure are
utilized, and the accompanying figures of which:

FIG. 1 is a diagram of an exemplary nonreciprocal solar
thermophotovoltaic (NSTPV) system, in accordance with
aspects of the present disclosure;

FIGS. 2A-C are diagrams illustrating various geometries
for the NSTPV system of FIG. 1, in accordance with aspects
of the present disclosure;

FIG. 3, a diagram illustrating the functionality of the
nonreciprocal intermediate layer as a circulator coupled to a
blackbody emitter, in accordance with aspects of the present
disclosure;

FIG. 4 is a diagram illustrating how the system of FIG. 1
eliminates the entropy production on the front side of the
intermediate layer, in accordance with aspects of the present
disclosure;

FIG. 5A is a diagram illustrating an ideal direction spec-
tral absorptivity (¢,y) and emissivity (gq) of the intermediate
layer in reciprocal STPVs, in accordance with aspects of the
present disclosure;

FIG. 5B is a diagram illustrating the ideal direction
spectral absorptivity (o) and emissivity (gg) of the inter-
mediate layer in the NSTPV system 100 of FIG. 1, in
accordance with aspects of the present disclosure;

FIG. 6 is a diagram illustrating a trade-off in the spatial
and angular concentration of rays due to étendue conserva-
tion in the system of FIG. 1, in accordance with aspects of
the present disclosure;

FIG. 7 is a graph illustrating max efficiency vs. area ratio,
in accordance with aspects of the present disclosure;

FIG. 8 is a graph that illustrates the temperature of the
intermediate layer in reciprocal STPV and NSTPV (such as
the system of FIG. 1) at each area ratio, in accordance with
aspects of the present disclosure;

FIGS. 9 and 10 are tables showing the properties of the
NSTPV system of FIG. 1 and a reciprocal STPV system at
the optimal operation points for different area ratios, respec-
tively, in accordance with aspects of the present disclosure;
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FIG. 11 shows a solar panel system, in accordance with
aspects of the present disclosure; and

FIG. 12 is a flow diagram of a method of use for the
NSTPV system of FIG. 1, in accordance with aspects of the
present disclosure.

DETAILED DESCRIPTION

The present disclosure relates to nonreciprocal Solar
thermophotovoltaic (STPV) systems.

Aspects of the present disclosure are described in detail
with reference to the figures wherein like reference numerals
identify similar or identical elements.

Although the present disclosure will be described in terms
of specific aspects and examples, it will be readily apparent
to those skilled in this art that various modifications, rear-
rangements, and substitutions may be made without depart-
ing from the spirit of the present disclosure. The scope of the
present disclosure is defined by the claims appended hereto.

For purposes of promoting an understanding of the prin-
ciples of the present disclosure, reference will now be made
to exemplary aspects illustrated in the figures, and specific
language will be used to describe the same. It will never-
theless be understood that no limitation of the scope of the
present disclosure is thereby intended. Any alterations and
further modifications of the novel features illustrated herein,
and any additional applications of the principles of the
present disclosure as illustrated herein, which would occur
to one skilled in the relevant art and having possession of
this disclosure, are to be considered within the scope of the
present disclosure.

Referring to FIG. 1, a nonreciprocal solar thermophoto-
voltaic (NSTPV) system 100 generally includes an interme-
diate layer 102 that is configured to eliminate a back
emission towards a source 150 of broad-spectrum solar
radiation, and a photovoltaic cell 130 configured to convert
radiation from the intermediate layer 102 to electrical
energy. The system 100 enables all emissions from the
nonreciprocal intermediate layer 102 to be directed to the
photovoltaic cell 130, leading to a higher photon flux to the
photovoltaic cell and generating more electric power. The
NSTPV system 100 results in efficiencies significantly
higher than the Shockley-Queisser limit of solar cells and
the detailed-balance limit of traditional STPV systems.

The nonreciprocal intermediate layer 102 includes an
absorber 110 configured to absorb broad-spectrum solar
radiation and generate heat, an emitter 120 having nonre-
ciprocal radiative properties and is configured to absorb the
heat. The nonreciprocal radiative properties include absorb-
ing heat from the first side 122 of the emitter 120 and only
emitting radiation from the second side 124 of the emitter
120.

The emitter 120 1s configured to increase a photon flux to
the photovoltaic cell based on the nonreciprocal radiative
properties. The emitter 120 is configured to absorb incident
heat and emit a narrow-band infrared radiation (e.g., the
emitted wavelength may be about 1.1 micrometers, with a
bandwidth of about 1 micrometer). The emitter 120 layer
includes a first side configured to absorb incident heat and a
second side configured to emit radiation. In aspects, the
emitter 120 is configured to act as a heat circulator coupled
with a blackbody. The emitter 120 may be wavelength-
selective within a frequency range above a bandgap of the
photovoltaic cell. The emitter 120 may include photonic
crystal made of Indium Arsenide, a Weyl semimetal, and/or
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a magneto-optical material. In aspects, the emitter 120 may
have a surface area smaller than a surface area of the
absorber 110.

In aspects, the photovoltaic cell may be a single-junction
photovoltaic cell, a multijunction photovoltaic cells, and/or
other photonic heat engines.

Referring to FIGS. 2A-C various geometries for the
NSTPV system 100 are shown. In FIG. 2A a cylindrical
shape is shown where the absorber 110 may be the top of a
cylinder, and a side surface is the emitter 120. The photo-
voltaic cell 130 may be disposed around the emitter 120. In
FIG. 2B, the absorber 110 is the top surface, and the emitter
120 is the round body beneath it. In FIG. 2C, the absorber
110 is the top surface, and the emitter 120 beneath it consists
of multiple fingers that can be inserted in the regions of the
photovoltaic cell 130.

Referring to FIG. 3, a diagram illustrating the function-
ality of the nonreciprocal intermediate layer 102 as a circu-
lator coupled to a blackbody emitter is shown. The efficiency
improvernent is enabled by the nonreciprocal intermediate
layer 102, whose functionality is depicted in FIG. 3. The
frontside of the nonreciprocal intermediate layer 102 can
absorb the incident energy and only emit radiation from the
backside. On the other hand. when the energy is incident
from the backside, the intermediate layer is completely
transparent. The nonreciprocal intermediate layer 102 acts
like a heat circulator coupled with a blackbody. Together the
heat circulator coupled with the blackbody can absorb
energy from the source 150 (e.g., the sun) and redirects the
energy in the direction of the photovoltaic cell 130. The
benefit of the nonreciprocal intermediate layer 102 can be
illustrated in the thermodynamic analysis of the efficiencies
of STPV systems.

The traditional STPV system can be improved with the
disclosed nonreciprocal intermediate layer 102. In reciprocal
STPV systems, the input energy from the sun, E, carries an
entropy flux

4
Se = D EJT,
3

where E=0T,* with 6 the Boltzmann constant and T, the
temperature of the sun. Since the intermediate layer is
reciprocal, there is an energy flow E,=6T,* emitted from the
front side of the intermediate layer back towards the sun.
Here, T, is the temperature of the intermediate layer. The
associated entropy flux is

4
Sp = EEb/TI-

S, is the generated entropy due to the absorption and

emission process at the front surface of the intermediate
layer 102, which is given by:

1E
s Zb

_E[i_ 4 )+_ (Bq. D)
T\ 3n) 3T

In the above equation, the first term is the generated
entropy due to absorption, and the second term is due to
emission. Heat flux from the intermediate layer is converted
to work output P with a Carnot converter, and the heat flux
rejected to the ambient, and its associated entropy are
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respectively Q and Q/T,, where T, is the ambient tempera-
ture. From the energy and entropy balance:

E =E,+Q+P (Eq. 2)
and
EQ. 3
SS+Sg=T%+Sb. EQ 3
The efficiency can be obtained as
(Eq. 4

By considering T,=300 K and T,=6000 K, the above
equation has its maximum value of 85.4% when T,=2544 K,
which is the blackbody limit for traditional STPV systems.

In contrast, in the disclosed NSTPV system 100 of FIG.
1, the nonreciprocal intermediate layer can help eliminate
the entropy production on the front side of the intermediate
layer (FIG. 4). For the NSTPV system 100 the nonreciprocal
capability shown in FIG. 3 is achieved for all wavelengths.
In this way, all photons from the source 150 (e.g., the sun)
can be passed to the converter through the nonreciprocal
intermediate layer 102. Meanwhile, in doing so, the incom-
ing energy to the intermediate layer and the emitted energy
from the backside is exactly equivalent, i.e., E.=E,. There-
fore, at this limit, the intermediate layer 102 has the same
temperature as the sun T,=T,, and the heat transfer between
the sun and the intermediate layer echoes a scenario in which
radiative heat flux is transferred between bodies with the
same temperature. The entropy generation of the interme-
diate layer has a similar form as Eq. (1),

1E
3T

s E(l 4)
=E|=- +
£\ 3T

Substituting T,=T, and E=E_, the generated entropy in the
intermediate layer 102 can be shown to be zero. As shown
below, avoiding this entropy generation can significantly
improve the efficiency of the NSTPV system 100.

Since energy incident from the bottom part of the inter-
mediate layer is perfectly transmitted, the radiated energy
from the converter, E , with associated entropy

S—4E/T
o= 3BT,

passes through the intermediate layer and leaves the system.
Thus, the energy and entropy balance for the NSTPV system
100 yield:

E,=E,+Q+P (Eq. 5)
and
s.< 25 (Fa- ©
Ta
Therefore:
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which is the Landsberg limit 93.3% and significantly
higher than the blackbody limit of the traditional STPV
systen. Compared to existing solar energy harvesting sys-
tems that can reach the Landsberg limit, the proposed
NSTPV system represents a unique systerm with the advan-
tages of STPVs, including scalability, compactness, and
dispatchability that allows the NSTPV system 100 to store
energy for various applications.

Although reaching the ultimate limit requires using Car-
not converters and broad-band nonreciprocal intermediate
layer 102, the great benefit of adopting the nonreciprocal
intermediate layer 102, in fact, can immediately show up in
systems that use practically more accessible photonic con-
verters such as single-junction photovoltaic cells 130.

FIGS. 5A and 5B show the ideal direction spectral absorp-
tivity (0iy) and emissivity (go) of the intermediate layer in
reciprocal STPVs (FIG. 5A) and nonreciprocal STPVs (FIG.
5B) such as the NSTPV system 100 of FIG. 1.

Referring to FIG. 3B the nonreciprocal region 500 is
shaded. For the absorber 110 in the nonreciprocal system,
the properties shown in FIG. 5B hold for all angles. For the
emitter 120, the properties shown in FIG. 5B hold from the
normal direction to Be, and beyond this angular range, the
emitter 120 has properties the same as the emitter in the
reciprocal system.

The nonreciprocal STPV system 100 includes a wave-
length-selective nonreciprocal intermediate layer 102 with
properties depicted in FIG. 5B for nonreciprocal STPV
systems with a single-junction cell. Within the frequency
range just above the bandgap, the intermediate layer 102
possesses nonreciprocal functionality. In this way, one
enables useful photons to be emitted to the photovoltaic cell
130, and still brings the benefit of suppressing the back
emission of the absorber 110 (FIG. 1) to the sun in this
wavelength range. Outside this wavelength range, the spec-
tral radiative properties are identical to the reciprocal case in
FIG. 5A. The bandwidth of the nonreciprocal range AE is a
parameter that can be optimized.

Referring to FIG. 6, a diagram illustrating a trade-off in
the spatial and angular concentration of rays due to étendue
conservation is shown. Besides the consideration of the
spectral properties, there needs to be an additional consid-
eration of the constraint in the angular range for the nonre-
ciprocal radiative properties. Such constraint comes from
the fact that the area of the emitter is larger than the absorber
for the intermediate layer. Therefore, in the nonreciprocal
frequency range AE, the back emission from the photovol-
taic cell 130 needs to transmit through the intermedia layer
that has a changing cross-sectional area. In this case, the
angular range of the transmitted beam is subject to the
constraints from the brightness theorem or the étendue
conservation. The étendue occupied by the beam that is
transmitted through the intermediate layer should be con-
served.

For a light beam propagating through an area dA within
a solid angle dQ2 in a medium with refractive index n, its
étendue can be expressed as n’dA cos 8dQ, where 8 is the
polar angle and dQ2=sin 8d0do with ¢ the azimuthal angle.
Without losing generality, a beam within a cone centered in
the normal direction up to a certain polar angle is consid-
ered. Its étendue is [,2"|,° n>dA cos 8 sin 8d0do=n’A sin’0
(Eq. 8)
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In the nonreciprocal STPV system 100, the incident
medium and the transmitted medium are the same. Thus, the
étendue conservation results in A, sin®8,=A,, sin’6,,, where
A, and A, are the areas of the emitter and absorber, respec-
tively, and 0, and 0_ are the polar angles a beam occupies on
the emitter and absorber sides, respectively. Thus, the maxi-
mum étendue that the transmitted beam can occupy is
limited by the absorber side, which has a smaller area. In
order to enable the most benefit from the nonreciprocity, in
the nonreciprocal frequency range AE, set 6,=n/2 such that
the étendue that has the nonreciprocal functionality can be
maximized. In doing so, 8 =sin~' (3~""%), where p=A /A, is
the ratio of the area of the emitter 120 and the area of the
absorber 110. For the angular range of (0, 0,), the transmis-
sivity of the emitter is unity, and therefore the absorptivity
of the emitter, 0, in this range is zero. For the rest of the
angular range (6,, 1/2), the emitter has the same properties
as in the reciprocal case, i.e., Og=1.

For reciprocal STPV systems, the temperature of the
intermediate layer can be solved from the energy balance:
A EAAE (E,, EAAE, V. T )=A E (0, «, 0, T)+A E(E,,
E+AE, 0, T) (Eq. 9)

The area of the photovoltaic cell A_ is the same with A_,
and the photovoltaic cell 130 and the emitter 120 are close
enough so that the view factor between them is unity. T, is
the temperature of the photovoltaic cell 130, E_ is the
emitted energy by the photovoltaic cell 130, E, is the energy
emitted from the absorber 120 towards the sun, and E, is the
energy emitted from the intermediate layer to the photovol-
taic cell 130. The energy fluxes are obtained as

E(E, Ea, V, T) el f : £ dE Fa 10
1, £2, Vs =735 - . r_ 1~ .
re Elexp(ﬂ)—l
KT

where T is the temperature of the emitter, E, and E, are the
lower and higher energy bounds of the integration, respec-
tively. qV is the chemical potential of photons, where V is
the voltage on the emitter. For the intermediate layer, V=0,
and for the photovoltaic cell, V>0 for the above bandgap
part. The external quantum efficiency of the photovoltaic
cell 130 is assumed to be unity. In this case, the voltage and
current of the photovoltaic cell 130 can be obtained based on

adetailed balance I=qA [N(E,, E,+AE, 0, T)-N(E,, E+AE,
V. T)I(Eq. 11)
where N is the photon flux obtained as
N B V. T) o (B E? . (Eq. 12)
1, E2 == ———dE.
1 exp( T )— 1

The photovoltaic cell 130 and the intermediate layer 102
equations are coupled, and the temperature of the interme-
diate layer 102 and the voltage and current of the photovol-
taic cell 130 are solved using an iterative approach for
different area ratios. The efficiency of the STPV system is
defined as

==
1
=~

where P=IV is the produced electricity. For each B, search
for AE and E, to find the highest efficiency. The solved
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efficiencies, which represent the limiting performance given
by detailed balance for STPV systems 100 with single-
junction photovoltaic cells 130, are shown as curve 702 in
FIG. 7. As B increases, the bandwidth of the emitter becomes
narrower, and thus higher content of emitted energy can be
converted to electricity, yielding a higher efficiency. The
efficiency surpasses the SQ limit when B is larger than about
3. indicating a minimum required area ratio for single-
junction STPV to outperform the SQ limit. The bandgaps
and AE at different § are provided in the supplement.

As noted previously, an infinitely large area ratio is
needed to reach the ultimate efficiency. This can be readily
shown with the above equations. In this case, AE approaches
zero, the photons fluxes may be obtained as

w B (EQ. 13)
L= — 0E
B ( Eg) )
exp| 7
and
2n Eg e (Eq. 14)
TR Eg—qV '
exp(T) -1

Here, N, and N_ are the photon fluxes from the emitter 120
and the photovoltaic cell 130, respectively. The efficiency of
the converter can be defined as

w
ey = E,
where and Q=E,(N,—N,). Therefore, in this limiting case
_ar (Eq. 15)
npy = Eg'

The highest efficiency happens when the voltage is
approaching the highest value, which is the open-circuit
voltage (V) obtained by setting I=0 in Eq. (11)

Ly _LEs~dVoc (Eq. 16)
kLT kL
Combining Eqgs. (15) and (16)
o1k
Npy = 7,

is obtained, indicating that the photovoltaic cell 130 is a
Camnot convertor in the monochromatic limit. Since the
absorber 110 is essentially a blackbody, in this case, the
overall efficiency is shown as Eq. (4), yielding 85.4% at
T,=2544 K, the blackbody limit.

FIG. 5 B depicts the NSTPV system 100 of FIG. 1 with
an intermediate layer that possesses radiative properties.
Compared to a reciprocal STPV, the detailed balance and the
efficiency calculation for the photovoltaic cell are the same.
The energy balance for the intermediate layer of the NSTPV
system 100 of FIG. 1 is different:
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AEAOAE(E, EAAE VT )=AE,(0.E,0.T)+AE,

(EAAE,00.0,T)+A E(E, EAEO.T). (Eq. 17)

where

w2
f f ageostsinddfdeg
gododo

T o2
f f cos@singdfd¢
0Jo

is the hemispherical absorptivity of the emitter in the
nonreciprocal frequency range AE. In the NSTPV system
100, the étendue of the transmitted emission from the
photovoltaic cell 130 through the intermediate layer 102 (the
lost energy as compared to the reciprocal system) is the same
as the étendue of the suppressed radiation from the inter-
mediate layer 102 towards the sun (the suppressed energy
loss as compared to the reciprocal system). Since the inten-
sity of emission from the intermediate layer 102 is always
higher than that from the photovoltaic cell 130, the nonre-
ciprocal functionality allows a higher energy flux to the
NSTPV system 100 and a higher temperature of the nonre-
ciprocal intermediate layer 102 compared to a reciprocal
STPV system. Thus, the efficiency of the NSTPV system
100 is always higher than a STPV, as shown in FIG. 7,
indicating the significant benefits and effectiveness of
NSTPV systems 100.

With reference to FIG. 7, a graph illustrating the effi-
ciency of nonreciprocal and reciprocal STPV with a single-
junction photovoltaic cell for different area ratios B. Curves
704 and 702 show the efficiencies of NSTPVs and reciprocal
STPVs, respectively. The Shockley-Queisser limit and the
blackbody limit are independent from B. Shockley-Queisser
limit and the blackbody limit are marked as horizontal
dashed lines.

For B=1, Eq. (17) yields T =T, regardless of the choice of
AE. Such a scenario resembles the case when the sun
directly illuminates the photovoltaic cell. Therefore, the
maximum power production happens when the incoming
photon flux is maximized, i.e., AE=co, and the efficiency
equals the SQ limit. For larger f, the efficiency increases for
the same reason as the reciprocal STPV. Therefore, the
nonreciprocal STPV systems can outperform the SQ limit
for all area ratios higher than 1. For small B, the optimized
AE is relatively large. In this case, the suppressed radiated
energy from the absorber is much stronger than the emission
from the photovoltaic cell 130, and consequently, the
NSTPV system 100 has much higher efficiency than a
reciprocal system. As [ increases, the optimized AE
becomes smaller, and the temperature of the intermediate
layer also decreases (see supplement material). Therefore,
the benefits of the suppressed back emission due to non-
reciprocity become weaker. In fact, in the limiting case with
an infinitely large area ratio, 6,=0 and AE become infini-
tesimal. Thus, the energy balance equation of the nonrecip-
rocal system will approach the reciprocal system, resulting
in the same limit for both systems.

A large area ratio can induce several critical issues and is
not favored in practice. For example, a large  causes larger
thermal resistance from the absorber 110 to the emitter 120,
inefficient cooling of the photovoltaic cell 130, and signifi-
cant energy loss due to convection from the intermediate
layer. Thus, the suggested area ratio for STPVs is about 10,
which falls in the region where the efficiencies of NSPTVs
are much higher than STPVs. Therefore, the proposed

(Fq. 18)

=1 -sin%f,
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NSTPV system 100 represents a pathway to significantly
improve the performance of NSTPV system 100 in practice.

FIG. 8 is a graph that illustrates the temperature of the
intermediate layer in reciprocal STPV 804 and nonrecipro-
cal STPV 802 (such as the system of FIG. 1) at each area
ratio. As the area ratio increase, the operation temperature of
the intermediate layer decrease, with the nonreciprocal case
and the reciprocal case approaching each other.

FIGS. 9 and 10 are tables showing the properties of the
NSTPV system 100 and reciprocal STPV system at the
optimal operation points for different area ratios, respec-
tively.

FIG. 11 shows a solar panel system 110. The solar panel
system 110 generally includes a solar panel 1110 including
an absorber 110 configured to absorb broad-spectrum solar
radiation incident thereon and to generate heat, an emitter
120 having nonreciprocal radiative properties, a photovol-
taic cell 130 configured to convert solar radiation to elec-
trical energy, and an inverter 1102 configured to convert the
electrical energy generated by the photovoltaic cell to an AC
voltage. In aspects, the system 110 may include a thermal
energy storage unit. The system 110 has the benefit of
providing efliciency and economic advantages over tradi-
tional combined cycle turbines for power generation in
concentrated solar power plants.

FIG. 12 is a flow diagram of a method of use for NSTPV
system 100 of FIG. 1. Although the steps are presented in an
order, it is contemplated that the steps may be performed in
any reasonable order.

Initially, at step 1202, the NSTPV system 100 generates
heat by an absorber 110. The absorber 110 is configured to
absorb broad-spectrum solar radiation incident thereon.

Next, at step 1204, the NSTPV system 100 absorbs the
heat by a first side of an emitter 120 that has nonreciprocal
radiative properties. In aspects, the NSTPV system 100 may
filter the broad-band solar radiation to a frequency range
narrower than the broad-band solar radiation by a wave-
length-selective property of the emitter 120 wherein the
frequency range is above a bandgap of the photovoltaic cell
130.

Next, at step 1206, the NSTPV system 100 emits radiation
from a second side of the emitter.

Next, at step 1208, the NSTPV system 100 absorbs, by a
photovoltaic cell 130, the emitted radiation.

Next, at step 1210, the NSTPV system 100 converts by
the photovoltaic cell 130, the emitted radiation to electrical
energy.

Certain aspects of the present disclosure may include
some, all, or none of the above advantages and/or one or
more other advantages readily apparent to those skilled in
the art from the figures, descriptions, and claims included
herein. Moreover, while specific advantages have been enu-
merated above, the various aspects of the present disclosure
may include all, some, or none of the enumerated advan-
tages and/or other advantages not specifically enumerated
above.

The aspects disclosed herein are examples of the disclo-
sure and may be embodied in various forms. For instance,
although certain aspects herein are described as separate
aspects, each of the aspects herein may be combined with
one or more of the other aspects herein. Specific structural
and functional details disclosed herein are not to be inter-
preted as limiting, but as a basis for the claims and as a
representative basis for teaching one skilled in the art to
variously employ the present disclosure in virtually any
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appropriately detailed structure. Like reference numerals
may refer to similar or identical elements throughout the
description of the figures.

The phrases “in an embodiment,” “in aspects,” “in various
aspects,” “in some aspects,” or “in other aspects” may each
refer to one or more of the same or different example
Aspects provided in the present disclosure. A phrase in the
form “A or B” means “(A), (B), or (A and B).” A phrase in
the form “at least one of A, B, or C” means “(A); (B); (C);
(A and B); (A and C); (B and C); or (A, B, and C).”

It should be understood that the foregoing description is
only illustrative of the present disclosure. Various alterna-
tives and modifications can be devised by those skilled in the
art without departing from the disclosure. Accordingly, the
present disclosure is intended to embrace all such alterna-
tives, modifications, and variances. The aspects described
with reference to the attached figures are presented only to
demonstrate certain examples of the disclosure. Other ele-
ments, steps, methods, and techniques that are insubstan-
tially different from those described above and/or in the
appended claims are also intended to be within the scope of
the disclosure.

What is claimed is:
1. A nonreciprocal solar thermophotovoltaic (STPV) sys-
tem comprising:
a cylinder including:
a nonreciprocal intermediate layer, configured to elimi-
nate a back emission towards a source of broad-
spectrum solar radiation, the nonreciprocal interme-
diate layer including:
an absorber configured to absorb broad-spectrum
solar radiation and generate heat, the absorber
being a side surface of the cylinder; and

an emitter having nonreciprocal radiative properties
and configured to absorb the heat, wherein the
emitter is disposed on a top surface of the cylin-
der; and

a photovoltaic cell configured to convert radiation from

the emitter to electrical energy, wherein the photovol-

taic cell is eylindrically disposed around the cylinder,

wherein a first intensity of emission from the nonrecip-
rocal intermediate layer is higher than a second inten-
sity of emission from the photovoltaic cell.

2. The STPV system according to claim 1, wherein the
emitter is configured to increase a photon flux to the pho-
tovoltaic cell based on the nonreciprocal radiative proper-
ties.

3. The STPV system according to claim 1, wherein the
emitter is configured to absorb incident heat and emit a
narrow-band infrared radiation.

4. The STPV system according to claim 1, wherein the
emitter includes a first side configured to absorb incident
heat and a second side configured to emit radiation.

5. The STPV system according to claim 4, wherein the
nonreciprocal radiative properties include absorbing heat
from the first side of the emitter and only emitting radiation
from the second side of the emitter.

6. The STPV system according to claim 1, wherein the
photovoltaic cell is a single-junction photovoltaic cell.

7. The STPV system according to claim 1, wherein the
emitter is configured to act as a heat circulator coupled with
a blackbody.

8. The STPV system according to claim 1, wherein the
emitter is wavelength-selective within a frequency range
above a bandgap of the photovoltaic cell.
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9. The STPV system according to claim 1, wherein the
emitter includes at least one of photonic crystal made of
Indium Arsenide, a Weyl semimetal, and/or a magneto-
optical material.

10. The STPV system according to claim 1, wherein the 3
STPV system include a planar or a cylindrical shape
includes a planar or a cylindrical shape.

11. The STPV system according to claim 4, wherein the
absorbed incident heat and the emitted radiation are exactly
equivalent. 10
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