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ABSTRACT This work aims to investigate the various factors which may affect a thermophotovoltaic (TPV)
system’s performance, with a special focus on the importance of incorporating a back surface reflector (BSR),
which enables below-bandgap photons’ recycling. The possible extent to which common PV materials can
be used in TPV applications is investigated by comparing them on a Planck distribution curve. The effects of
varying BSR reflectivity, TPV cell’s external quantum efficiency, and emitter temperature are investigated on
the TPVmodule’s efficiency using open-circuit voltage, empirical relations for fill factor, maximum voltage,
and photogenerated current. It is shown that TPV applications require materials with smaller (e.g. 0.6 eV <
Eg ≤ 0.74 eV) bandgap energy, e.g. In0.53Ga0.47As (0.74 eV), due to their high percentage of energy (>26%)
above-bandgap without a spectral control and a small difference between peak and bandgap wavelength. It is
shown that the inclusion of a BSR (reflectivity = 1) results in an increase of 15% in TPV efficiency. The
results show that by the collective changes of an added BSR, high emitter temperature (>2000 K), and
improved external quantum efficiency (EQE ≈ 1), the present TPV systems can attain efficiency values
more than 30% which makes them a favorable prospective choice for Concentrated Solar Power.

INDEX TERMS Back surface reflector, photon recycling, thermophotovoltaic, photovoltaic systems,
reflectivity, design optimization, efficiency, solar energy, thermal engineering.

I. INTRODUCTION
In the last decade, a rapid depletion of finite natural resources
to meet the increasing energy demands, has worsened the
threat of a global energy crisis [1], [2]. Most of the coun-
tries are utilizing coal to produce electricity, whereas some
are generating electricity by nuclear resources [3] or uti-
lizing water and natural gasses [4] to produce electrical
energy. In attempts to avoid an energy crisis propelled by
an overconsumption of limited natural resources and to
reduce the environmental degradation caused by fossil fuels,
there has been an increased interest in employing renewable
energy resources as the source of electric power generation
[5]–[9]. The best solution to this problem is to replace all
non-renewable resources with renewable resources [5]; it has
been reported that by 2050, through certain policy alterations,
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it is possible to meet two-thirds of the global energy demands
by using renewable resources [10]. Wind energy and solar
energy [11]–[14] are the best examples of renewable energy
resources but are currently less reliable than gas or coal due to
their dependency on weather conditions. However, increased
research and development efforts for renewable energy power
generation can help overcome such drawbacks. Recently,
Concentrated Solar Power (CSP), in which focused sunlight
is used to produce electrical energy [16], has become a subject
of discussions. However, it is difficult to harvest photons
from the wide solar spectrum and CSP cannot be stored for
long time intervals. Thus, to optimally utilize CSP, a sys-
tem is required that can convert sunlight to an intermediate
form of energy and then convert it to electrical energy [17].
Thermophotovoltaic (TPV) technology, paired with CSP, is a
plausible solution that reduces the area for equipment and
utilizes heat energy from a CSP-heated source and converts
this heat energy to electricity [18].
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FIGURE 1. TPV incorporated with TES in a CSP-TPV combined power cycle is shown here. Heliostats reflect the solar rays to secondary
concentrators. Secondary concentrators charge the HTF (e.g. molten tin, Sn) to be routed to TES where it melts the storage medium
(a PCM e.g. silicon, Si). The TPV power cycle consists of graphite pipes acting as emitters enclosed by a hexagonal cavity of the arrays of
single-junction TPV cells. For design optimization, filters are placed between the cell and emitter, and BSR is placed behind cells to reflect
below and unabsorbed below-bandgap photons, respectively. Cells are water-cooled to maintain a stable temperature at 300 K. The
layers of the selected InGaAs cell, constitutes of an InGaAs Contact layer, InGaAs Emitter layer, InGaAs Base layer, InP Buffer layer, and InP
Substrate layer of a thickness of 0.025 µm, 0.1 µm, 2.5 µm, 0.3 µm, and 625 µm respectively [15].

In the context of a combined power cycle, a CSP plant
based on TPVwith a Thermal Energy Storage (TES) is shown
in Fig. 1. MATLAB software will be used to simulate the
TPV power cycle of the CSP plant and to determine the inci-
dent radiations, electrical output, and efficiency of the TPV
module. Solar rays are reflected by heliostats and collected
by the secondary concentrators. Heat Transfer Fluid (HTF) is
pumped to the secondary receiver where its temperature rises
through sensible heating. HTF is then taken to TESwhere it is
cooled down. HTF is then further cycled back to the tower to
repeat the process. The block diagram in Fig. 2 demonstrates
the energy and temperature conversions in the system, where
Tmelt is the temperature of the Phase Change Material (PCM)
that has been used and stored within the TES, and T is the
temperature of the graphite emitter pipes within the TPV
power cycle.

The heat lost from HTF in the TES is used to melt the
storage medium, i.e., PCM, within the TES. This enables
TES to store thermal energy. Besides storing thermal energy,

the TES also maintains the temperature of HTF entering the
TPV power cycle. In case of high Partial Shading Condi-
tion (PSC) and the temperature of HTF in the secondary
concentrators attaining a value below the melting point of the
PCM, when HTF will pass through TES the PCMwill release
energy and heat the HTF.Moreover, flow-diverting valves are
also fitted in the system with thermal sensors, that divert low
temperature HTF from the TPV power cycle back to TES
and secondary concentrators, maintaining constant emissive
power conditions for the TPV.

The TPV power cycle consists of pipes with cooling water
surrounding the hexagonal cell cavity, enclosing the filter,
TPV cells, and BSR in a graphite pipe. Graphite pipes are
used because they have high emissivity values (> 0.90)
[19] and thus, resemble blackbodies in emission properties.
A hexagonal cavity is selected because it has the advantage of
having a view factor almost equal to 1. The use of a hexagonal
cavity within the TPV power cycle, as the closest practically
possible configuration to a circular cavity (that has a view
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FIGURE 2. The block diagram shows the principle of energy transformation in the discussed configuration of a CSP plant with a TPV power cycle.
Sources such as concentrated solar radiations can be used to provide thermal energy to the heat transfer fluid (HTF), heating it to a temperature of T +
Tmelt, where Tmelt is the melting point temperature of the Phase Change Material (PCM) in the thermal energy storage (TES). TES stores thermal energy
as PCM is melted, whereas HTF transports thermal energy at temperature T to the TPV power cycle. Within the TPV power cycle, the heated emitter
graphite pipes at temperature T convert the thermal energy to radiations, and photons above the bandgap energy are converted into useful electrical
energy. HTF, after having been used with the TPV power cycle, to produce electrical energy is at a temperature of T − 1T, and a part of it is then
recycled back to secondary concentrators and the other part to TES through the use of valves. Subsequently, the entire cycle is repeated.

factor= 1 [20]), is distinguished from the existing researches
related to CSP and TPV combined systems that instead,
utilize flat vertical plates of TPV cells placed between emitter
pipes [18]. Back Surface Reflectors (BSR) are placed behind
every cell array to reflect any unabsorbed photons that are
below bandgap to improve efficiency. Moreover, to assist
the BSRs, filters are placed between the emitter and cells
to reflect any below-bandgap photons. The properties and
parameters, of the selected single-junction InGaAs cell, are as
recorded by Tuley et al. [15]. This cell has a top contact layer
of InGaAs of thickness 0.025 µm, followed by an emitter
layer of thickness 0.1 µm. The base layer made of InGaAs
is 2.5 µm thick and is followed by a buffer layer of InP of
thickness 0.3 µm. The last layer is the substrate layer of InP
of 625 µm thickness.
TPV systems generate electricity from the heat by the

conversion of radiated photons into charge carriers [21].
TPV systems coupled with solar energy are called Solar
Thermophotovoltaic (STPV) systems and have a very high
maximum theoretical efficiency exceeding 60% under con-
centrated light [22], greatly exceeding the Shockley-Queisser
limit of 33.7% [23]; making TPV technology one of the most
interesting aspects of thermal engineering [24], [25]. The
distinguisher between a conventional solar photovoltaic (PV)
system and a TPV system is the use of a local emitter (at
a temperature mostly lower than 2500 K) in the latter tech-
nology instead of the sun as the source of photons, along
with the possibility of maximizing the power density by
positioning the emitter close to the PV cell [26]. Further-
more, TPV devices due to the emitter being a local source
can incorporate different types of spectral control techniques

(e.g. reflectors and filters). The possible configurations and
design optimization of TPV devices, design of cavities, and
improved fabrication of TPV cells present TPV devices as
systems that have the capability to exceed the conversion
efficiencies of conventional solar PV cells [27].

To establish the competitiveness of TPV systems, as a
beneficial solid-state engine in a CSP plant, it is important to
establish their ability to have an efficiency that is comparable
to that of turbines running on Brayton or Rankine Cycles
(efficiency = 30%). Recently, a TPV conversion efficiency
of 29.1% [28], with the use of reflectors behind the TPV cells,
has been recorded. Therefore, the primary focus of this study
is to present the conditions needed to achieve an efficiency of
the TPV conversion process beyond 30%. The choice of the
TPV cell material and the Current-Voltage behavior of the
selected TPV cell under given conditions of temperature and
radiation wavelengths have a crucial impact on the overall
TPV performance.

The novel contributions of this work include the deriva-
tion of equations for the determination of maximum voltage
with the use of certain equations and empirical relations that
reduce the computational efforts and the need of extensive
experimentation and measurements, and the investigation of
the impact of more than one factor (BSR, EQE, and emitter
temperature) on the efficiency of TPVmodule. Themaximum
current and peak voltage can be calculated for any emitter
temperature using only the experimental EQE values and
dark I-V curve, both of which are, mostly, provided by the
PV cell manufacturer. The rest of the paper is structured as
follows. Section II outlines the materials used for TPV cells,
losses in a TPV system, and the significance of back surface
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reflectors. Section III presents the methodology, followed
by Section IV that outlines the results and accompanying
discussion. Section V concludes the paper.

II. THERMOPHOTOVOLTAIC SYSTEMS
A. MATERIALS USED FOR TPV CELLS
A photovoltaic cell, the most integral part of any TPV system,
is manufactured with a variety of special materials named as
semiconductors. Most of the used cells are single-junction
cells butmultijunction cells (having a range of bandgapwave-
lengths) can also be used for the TPV system [29]. The TPV
cells that are compared in this paper are as follows [20]:

• Silicon (Si)
• Germanium (Ge)
• Silicon-Germanium (SiGe)
• Gallium Antimonide (GaSb)
• Indium Gallium Arsenide (InGaAs)
• Indium Gallium Arsenide Antimonide (InGaAsSb)
• Gallium Arsenide (GaAs)
• Cadmium Telluride (CdTe)

Silicon (Si) has a uniform single-crystal structure and
belongs to the IV group. To make a perfect PV cell, Si may be
doped with other semiconductors. Using Si PV cells, many
TPV prototypes have been developed, with the foremost
developed TPV model also being based on a Si PV cell [30].
Si has a bandgap energy Eg of 1.12 eV at a temperature
of 300 K. Germanium (Ge) cells show poor performance
and are mostly used in multijunction solar converters as
bottom cells. Ge has a bandgap energy of 0.66 eV and their
efficiency of conversion is 6.7%. It has been noticed that
high voltage factor is one of the major challenges of Ge
PV cells and BSRs for these cells are normally feasible.
Silicon germanium (SiGe) alloys can have different bandgap
energies between the range of 0.66 eV and 1.12 eV. The
bandgap energy of SiGe can be altered by changing the
composition of the cell [31]. Gallium Antimonide (GaSb)
has a bandgap energy of 0.72 eV, has proved to be one of
the best choices for TPV generators [32], and mostly acts
as bottom cells for tandem solar PV converters. GaSb PV
cells have a poor efficiency of 3% but show improvement of
up to 18.5% by using BSRs. The bandgap energy of Indium
Gallium Arsenide, (InxGa1−xAs) can be varied from 0 to
1 by changing x. Lower bandgap lattice-mismatched InGaAs
cells are gaining increased interest in the conversion of light
energy into electrical energy [33]. Indium Gallium Arsenide
Antimonide (InGaAsSb) gives two degrees of freedom in
tuning both lattice constant and bandgap [20] and has an
average 0.52 eV bandgap energy. Gallium Arsenide (GaAs)
has high absorptivity and can absorb light with the thickness
of a few microns. GaAs cells are not affected by heat and
show resistance to radiation that can cause damage, so they
are highly appreciated in space applications. Cadmium Tel-
luride (CdTe) has very high absorptivity and is also a cost-
effective material.

B. LOSSES IN A TPV SYSTEM
The performance of a TPV system may be diminished due to
several losses, broadly classified as fundamental and prac-
tical losses [18]. The practical losses, discussed here, can
be reduced by improving the design and fabrication of the
components of the TPV system. These losses consist of the
optical losses [34] such as the thermalization losses due to the
bandgap energy being considerably smaller than the energy
in emission spectrum [35]; non-absorption losses, due to the
proportion of emission spectrum, reported to have an average
value of 55% [36], having energy below the bandgap energy
of cell; reflection losses, due to the photons being reflected
from the top-most layer of TPV cell and not being reab-
sorbed by the emitter due to a large emitter-cell distance; and
transmission losses due to absorption in the TPV cell’s layers
thicknesses [37], [38]. Moreover, there are also radiative
losses such as the emitter-to-cell loss caused due to the cell
and emitter not being placed close enough and having a view
factor below 1 [39]. Other losses such as radiative recombi-
nation losses, when the separated charge carriers recombine
to release a photon, and non-radiative recombination losses,
when the recombination results in phonon generation instead
of a photon, are dependent on the cell material [40].

C. SPECTRAL CONTROL: BACK SURFACE REFLECTOR
To minimize the aforementioned losses, it is important to
select a TPV cell that: has its bandgap wavelength closely
matched to the peak wavelength and blackbody spectrum of
the emitter, is positioned close to the emitter with minimum
edge effects and a view factor of nearly 1, and is paired
with a spectral control technique. Selective emitters are a
type of this technique that suppress the emissions of below-
bandgap radiations by having a variable emissivity for differ-
ent wavelengths [41]. However, there have been limitations
regarding the identification of a selective emittermaterial that
performs effective suppression and is easy to manufacture
alongwith being cost-effective becausemost of these emitters
are made of integrated photonic crystals or oxides contain-
ing rare-earth metals [42]–[45]. Filters, another method of
spectral control, are placed between the emitter and cell
and can be used to either reflect below-bandgap photons or
offer very low absorption for above-bandgap photons albeit
imperfectly [46]. Back Surface Reflector (BSR), the spectral
control technique focused upon in this paper, is placed behind
the TPV cell to reflect photons, that are below bandgap and
not absorbed by the cell, to the emitter. BSRs have proved to
be a very useful technique for photon recycling [29] and are
simple to incorporate as a mirror [28] or an element with high
reflectivity in the infrared region, such as gold (Au) or silver
(Ag) [18], [47], can be used as a BSR.

III. METHODOLOGY
In this paper, a TPV system for its potential application within
a CSP system has been modeled and some of the factors
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that can significantly affect its performance have been deter-
mined. The TPV system can be placed within a CSP plant as
the core electricity generation system, where central pipes,
carrying HTF, function as the emitter and the temperature
of the fluid is maintained using a TES tank [18]. The pipes
are envisioned to be made of graphite [48], due to its low
chemical reactivity, high emissivity value (ε= 0.91 [49]), and
low cost.

A. CHARACTERIZATION AND SELECTION OF TPV
CELL MATERIAL
The emissions from the graphite emitter are modeled using
the Planck distribution function for blackbodies [22], with the
imperfection in emissions accounted for by the inclusion of ε
in the function. Thus, the emissive power E in W/m2 within
a certain wavelength λ band is given by [50]:

E (λ,T ) =
∫ λ2

λ1

ε × C1

λ5
[
e

(
C2
λT

)
− 1

]dλ (1)

In the previous equation, C1 = 3.742 × 108 W/m2µm−4

and C2 = 1.4388×104 Kµm and T is the temperature of the
emitter in Kelvin.

The peak wavelength λp at which the emissive spectral
distribution has its maximum value, is given by the Wein’s
displacement law [51]:

λP × T = 2898µm.K (2)

The above relation establishes an inverse relationship
between the peak wavelength and the emitter temperature.
For the good performance of TPV cells, the cell must prefer-
ably have a bandgap wavelength λg slightly longer than the
peak wavelength λp because, in case of λp being very short
as compared to λg, there are excessive thermalization losses
in the cell. The bandgap wavelength λg of a TPV cell can be
found using its bandgap energy Eg in eV [52]:

λg =
hc
Egq

(3)

h is the Planck’s constant, c is the speed of light, and q is
the charge of one electron in Coulombs. The portion of the
spectrum that is useful for a TPV cell, is the above-bandgap
region that has photons having wavelengths shorter than λg.
This proportion of above-bandgap photons in any emission
spectrum, for an emitter and TPV cell material combination,
is given by the percentage energy above-bandgap ηE>Eg [53]:

ηE>Eg =
E(λmin→λg)
Eb(0→∞)

× 100% (4)

The total emitted spectral power, Eb(0→∞) can be calcu-
lated using the following equation, where σ is the Stefan-
Boltzman constant [50]:

Eb(0→∞) =
∫
∞

0

ε×C1

λ5
[
e

(
C2
λT

)
− 1

]dλ = εσT 4

(5)

FIGURE 3. Experimentally measured data [15] and curve of best fit for
EQE for a typical 0.25 cm2 n-p InGaAs TPV cell.

B. VOLTAGE-CURRENT AND EFFICIENCY
CHARACTERIZATION OF TPV SYSTEM
1) EXTERNAL QUANTUM EFFICIENCY
External Quantum Efficiency (EQE) is a measure of the prob-
ability that a photon incident on a TPV cell will be absorbed
by the TPV cell and result in the generation of charge carriers
[54]; the EQE of the photons with energy below the bandgap
energy is zero.

Ideally, each absorbed above-bandgap photonsmust gener-
ate at least one hole-electron pair. However, in actuality, some
pairs of charge carriers (the holes and electron) may recom-
bine after separation before reaching the external circuit, and
upon recombination release a photon (radiative recombina-
tion) [55] or phonon (non-radiative recombination). EQE is
a characteristic of the TPV device only, without depending
on the properties of the emitter [56]. Ideally, EQE must be
constant and equal to 1 for all wavelengths, however, due
to recombination losses, it shows an irregular pattern for
different photon wavelengths.

Different cell materials have different distributions of EQE
that can be measured by experiments or are provided in
the specifications of the TPV cell by the manufacturer [57],
and the procedure described here can be used for any cell
material’s data. For example, the practical values of EQE for
a 0.25 cm2 n-p InGaAs cell can be obtained by producing
a curve, as shown in Fig. 3, using the experimental data
measured by Tuley et al. [15].

The fitted curve, from Fig. 3, for the EQE of the n-p
InGaAs TPV cell has the following polynomial equation:

EQE(λ) = −55λ8 + 441.46λ7 − 0.0015λ6 + 0.0029λ5

− 0.0034λ4 + 0.0025λ3 − 0.0011λ2 + 260.91λ

− 26.89 (6)
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FIGURE 4. The 2-Diode Model used to represent the electricity generation
in a real TPV cell as the effects of series resistance Rs and shunt
resistance Rsh are included. I01 and I02 are the dark saturation currents
of the two diodes and IL is the photocurrent.

The average EQE, EQE , for the wavelength equal to or
shorter than the bandgap wavelength is calculated by:

EQE =
1

λg − λmin

(∫ λg

λmin

EQE (λ) .dλ
)

(7)

where λmin is the smallest wavelength for which the EQE is
recorded. The calculated EQE is 0.7097 for the n-p InGaAs
TPV cell.

2) DOUBLE DIODE MODEL
A double diode model is the equivalent circuit model which
is used here to define the voltage-current behavior of the TPV
cell as it presents greater accuracy than a single diode model
[58], with the second diode representing the recombination
losses in the depletion region [59].

Fig. 4 shows the circuit diagram of the double diodemodel,
used to define the electrical parameters of the TPV cell.

Therefore, the current-voltage characteristics of the cell are
given by [60]:

I = IL − I01

(
e
q(V+IRs)
n1kTc − 1

)
− I02

(
e
q(V+IRs)
n2kTc − 1

)
−
V + IRs
Rsh

(8)

IL is the photocurrent in Amperes (A); I01 and I02 are the anti-
parallel ideal saturation currents (in A) of the first and second
diode, respectively; n1 is the ideality factor of the first diode
and is assumed to be equal to 1 [61]; n2 is the ideality factor
of the second diode and is assumed to be equal to 2 [62], TC is
the cell temperature (in Kelvin); k is the Boltzmann constant;
RS is the series resistance; and Rsh is the shunt resistance (in
ohm). An efficient TPV cell will have a very high Rsh and a
low Rs.

For simplification purposes,−1 is ignored in both the sec-
ond and third term of (8) [63]. It is also assumed that both the
photons’ level of injection and the quality of cell fabrication
are very high resulting in a very large value of Rsh (almost
infinity). Thus, the last term in (8) is neglected, simplifying
the equation to:

I = IL − I01

(
exp

q(V+IRs)
kTc

)
− I02

(
exp

q(V+IRs)
2kTc

)
(9)

3) THE V-I CHARACTERISTICS
To calculate IL , the number of photons having energy equal to
or greater than the bandgap energy emitted from the emitter
source per unit area, i.e., the useful photon flux ϕ (m−2s−1)
needs to be determined first [64]:

ϕ(/m2s) =
E(λmin→λg)(

1
(λmin+λg)

(
10−6

))(∫ λg×10−6
λmin×10−6

hc
λ
dλ
) (10)

The denominator in (10) represents the average energy of
photons, in Joules, for the emitter’s range of wavelength from
λmin to λg.

The photocurrent IL , i.e., the amount of electric current
generated when the TPV cell is illuminated is calculated by
[20]:

IL = Area of module× q× ϕ × EQE (11)

The dark saturation currents, I01 and I02, can be determined
by substituting IL = 0 in (9), changing the equation to:

I = I01

(
e
q(V+IRs)

kTc

)
+ I02

(
e
q(V+IRs)

2kTc

)
(12)

Solving (12) simultaneously, using two sets of measured
voltage and current values in dark conditions, the dark satu-
ration currents can be found.

For example, for the 0.25cm2 InGaAs cell, I01 and I02 can
be found using experimentally recorded value of Rs (Rs =
0.25 m�cm2) and a set of random values from experimental
data recorded in dark conditions [15], as shown in Fig. 5. The
accuracy of this model, used to find I01 and I02, can be further
improved by experimentally validating the value ofRsh before
eliminating the last term of (8).

The open circuit voltage VOC , i.e., the potential difference
across the external circuit when the net current through the
external circuit is zero, is found by modifying (9) as [65]:

IL = I01

(
e
q(VOC )
kTc

)
− I02

(
e
q(VOC )
2kTc

)
(13)

A TPV module’s fill factor ηFF is the ratio of the product
of maximum voltage Vm, and maximum current Im to the
product of IL and VOC . Realistically, the fill factor is less than
1.
Vm is mostly determined by experimentation [66], how-

ever, in case of the absence of an experimental setup and data
for a TPV system, the novel alternative technique adopted
here can be used for its evaluation. Here, to find Vm, two
empirical relations for fill factor ηFF— the theoretical limit
of ηFF given by Green ηFF,Green [67] and the theoretical limit
of ηFF given by Shockley and Queisser ηFF,Shockley [55], have
been used. Except for a small range of very low VOC values,
both empirical relations result in equivalent fill factor values,
as has been demonstrated in [20].

The empirical relations for the theoretical limits of ηFF ,
as derived by Green and Shockley, are as follows [20]:

ηFF,Green =

VOC
Vc
− ln

(
VOC
Vc
+ 0.72

)
VOC
Vc
+ 1

(14)
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FIGURE 5. Experimental [15] I-V curve of an n-p InGaAs TPV cell at 30◦C
under dark conditions, showing how an experimental dark I-V curve can
be used to determine dark saturation currents, I01 and I02. The two data
sets used in this work are (0.35, 0.017) and (0.451, 0.096).

In the above equation, Vc is thermal voltage given by [20]:

Vc =
kTcell
q

(15)

ηFF,Shockley =

(
Vm
Vc

)2
(
1+ Vm

Vc
− e−

Vm
Vc

)
×

VOC
Vc

(16)

To find Vm, (14) and (16) are equated and solved for the
unknown, Vm.

4) EFFICIENCY OF THE TPV SYSTEM
The net efficiency of the TPV module, with a BSR with
reflectivity R, is determined using the following equation
[49]:

η =
IL × Vm∫

∞

λmin

ε×C1

λ5
[
exp

(
C2
λT

)
−1
]dλ− R ∫∞

λg

ε×C1

λ5
[
exp

(
C2
λT

)
−1
]dλ

(17)

As evident from the previous equation, the inclusion of a
BSR by reflecting and recycling the below-bandgap photons,
decreases the value of the effective total input energy, and
increases the net efficiency, in contrast to the absence of any
BSR.

IV. RESULTS AND DISCUSSION
The choice of an appropriate material for the TPV cell is
of utmost importance. Here, 8 different PV cells will be
analyzed as single-junction cells based on their behavior with

TABLE 1. 8 PV cell materials that are compared for selection in a TPV
application. Bandgap energy Eg and bandgap wavelength λg are
measured at 300 K [20]; the peak wavelength λp and percentage energy
above bandgap ηE>Eg is for an emitter at 1750 K.

the distribution of spectral emissive power for a typical emit-
ter temperature of 1750 K. Each material’s bandgap energy
Eg, the proportion of useful region of the emissive spectrum
that is above bandgap ηE>Eg, and the difference of bandgap
wavelength λg and peak wavelength λp are compared through
tabulated and graphical means.

Using the selected cell material, a complete system is
designed where a TPV block is used as the conversion system
of a CSP plant. For the selected cell material, the useful
above-bandgap emissive power is quantified and used to
determine the photon flux. Voltage, current, and all related
performance parameters are then evaluated for a real TPV
module, characterized based on a realistic case, with an
experimental average value of EQE and then for an ideal
TPV module that has EQE equal to 1. The conversion effi-
ciency is evaluated for both ideal and real TPV modules at
an average emitter temperature of 1750 K and at a range
of emitter temperatures. The extent to which these variable
factors impact the overall efficiency of TPV power generation
is investigated.

A. SELECTION OF A TPV CELL MATERIAL
In Table 1, the various available choices of PV cell mate-
rials are compared based on their bandgap wavelength λg,
percentage energy above-bandgap ηE>Eg, and relation with
peak wavelength λp for an average emitter temperature of
1750 K. It has been concluded by Lenert et al. [68] that
when selecting an optimumTPV cell, its bandgapwavelength
must be matched with the peak wavelength of the emitter.
At 1750K, the λp is calculated using theWein’s Displacement
law (2) and determined to be 1.656 µm.
In the ensuing analysis, it is assumed that the TPV cells are

water-cooled, with the cell temperature remaining constant at
300 K, as the bandgap of a cell is a function of temperature.

Each material’s bandgap energy, the useful region of emis-
sive power above-bandgap, and the difference of bandgap
wavelength and peak wavelength are compared in Fig. 6.
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FIGURE 6. A distribution of spectral emissive power (W/m2/µm) against
Wavelength (µm) at an average emitter temperature of 1750 K with a
peak wavelength of 1.656 µm and a comparison of the bandgap
wavelengths, λg of 8 different PV cell materials on this distribution curve.
CGS, a high bandgap cell, has the shortest λg (0.729 µm) and above
bandgap photons’ region, whereas, InGaAsSb, a low bandgap cell, has the
longest λg (2.254 µm) and the largest above-bandgap region.

Fig. 6 compares thesematerials with respect to the Planck’s
distribution curve for a constant temperature of the TPV
emitter source. Moreover, in this comparison, the irradiance
is considered to be uniform (100%) as the analysis is only
conducted for a single TPV cell instead of an array, and
therefore, does not have mismatch losses. As can be observed
from Fig. 6, the high bandgap cells, such as CGS and CdTe
due to to their very short bandgap wavelengths, are presented
with a negligible useful area above the bandgap energy for a
blackbody emitter temperature at 1750 K (ηE>Eg is equal to
0.377% and 1.01% respectively, Table 1). PV cells made of Si
(Eg = 1.10 ev) are the most widely used type in the solar PV
modules [69], however, as is evident from Fig. 6, the useful
region for its bandgap wavelength is towards the left of
peak wavelength and is not sufficiently large, i.e., ηE>Eg =
5.830%. The behaviour of CIS closely corresponds to that of
Si. Conversely, InGaAsSb (Eg = 0.55eV) has the smallest
bandgap energy, thus, the least amount of energy is required
to be absorbed by the InGaAsSb cell to generate electron-
hole pairs. However, the peak wavelength is shorter than the
bandgap wavelength of InGaAsSb (λg − λp = 0.6 µm) and
without a spectral control, this excessive and intense above
bandgap energy will result in overheating of the PV cell and
thermalization losses.

The bandgap wavelengths of Ge, GaSb, and InGaAs have
a small difference with the peak wavelength of a black-
body emitter at 1750 K (the difference, λg - λp, is 0.2µm,
0.07µm, 0.02 µm, respectively) and the percentage area
above bandgap, ηE>Eg is also within an acceptable range

(34.428%, 28.17%, and 26.31%, respectively). Moreover,
these PV cells that have Eg > 0.6 eV require a lower suppres-
sion ofAuger recombination and low series resistance leading
to a better TPV cell performance [70]. GaSb and InGaAs cells
have an advantage, compared to Ge (a single element), of the
possibility of tuning their bandgap energies by changing the
composition of their constituent elements. With increasing
number of materials, i.e., ternary and quaternary PV cells,
the range of useful photons has been observed to increase
with specific compositions. This leads to an increased elec-
trical power density even at lower emitter temperatures, thus
increasing the efficiency [71]. GaAs and InP substrates are
considered to be the most optimum choice for PV cells.
However, trends have been shifting towards lower frequency
substrates such as InP. The purpose of selecting InP substrate
was to contribute in overcoming the low efficiency challenges
as TPV cells grown on these substrates are potentially more
efficient. Therefore, In0.53Ga0.47As TPV cells grown on InP
substrates, due to the reasons stated above, the availability
of sufficient experimental measurements related to it in liter-
ature (as used in the ensuing analysis), and widespread use
in TPV applications, particularly those pertaining to CSP,
is selected for further analysis [18], [48].

B. EFFICIENCY OF A REAL (EQE 6= 1) TPV MODULE
In the TPV system, In0.53Ga0.47As cells grown on reusable
InP substrates are used. The region of the emitter’s spectral
distribution that has energy above the bandgap energy of the
InGaAs (Eg = 0.74eV) is the useful portion for the electric-
ity generation process. For an average arbitrary temperature
of 1750 K, the area is as shown in Fig. 7.

For the real case, the average experimental external quan-
tum efficiency EQE is evaluated using (7) and Fig. 3; found
to be equal to 0.7097. The photocurrent density Iph is equal
to 5.791 A/cm2. The photocurrent IL is calculated using
(11), where the total number of photons incident on the TPV
cell is used. For an area of module equal to 0.25 cm2, IL
is 1.4475 A.

To evaluate the ideal dark saturation currents I01 and I02,
(12) and Fig. 5 are used; I01 = 3.2218 × 10−9A and
I02 = 1.8320 × 10−9 A. The effect of series resistance
Rs is included by using an average value of 0.25 m�.cm2

for an InGaAs cell, as experimentally measured by [15].
Furthermore, (13) - (16) are used to calculate Voc, found to
be equal to 0.5133 V, and Vm, which is equal to 0.4382 V
in this case. The effect of BSR reflectivity R on the TPV
module’s efficiency η is investigated, by using the for-
mula in (17). The relation between η and R is shown
in Fig. 8.

As observed in Fig. 8, the module’s net efficiency η (%),
shows an exponential increase with increasing BSR’s reflec-
tivity R. With no BSR (R = 0), the efficiency is very low (∼=
5.5%), whereas, when a perfect BSR (R = 1) is incorporated
behind the TPV module, it reflects all of the photons with
energy below bandgap to the emitter and the efficiency attains
a value of 20%.
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FIGURE 7. The blue curve shows the spectral emissive power distribution,
derived from Planck distribution, for a graphite emitter at a temperature
of 1750 K, and ε = 0.91. The red shaded region is the emissive intensity,
having energy above the bandgap energy (0.74 eV) for an InGaAs TPV cell.

FIGURE 8. Efficiency, η (%) of a real 0.25 cm2 InGaAs module (EQE =
0.7097) with respect to BSR reflectivity R for an emitter temperature T
of 1750 K. Increasing R also increases the module’s η.

C. EFFECT OF BLACKBODY EMITTER TEMPERATURE ON
EFFICIENCY OF TPV MODULE (EQE6=1)
When the emitter temperature in a TPV system is increased,
the total spectral emissive power also increases leading to a
greater above-bandgap photon flux, and larger photogener-
ated current. The effect of increasing emitter temperature is

FIGURE 9. Effect of varying emitter temperature on the TPV efficiency, η
(%) with BSR reflectivity R for a 0.25 cm2 TPV module with EQE = 0.7071
(EQE 6= 1). Increasing the emitter’s temperature T increases TPV
conversion efficiency.

investigated by iterating the emissive power and efficiency
values for different emitter temperatures. The impact of emit-
ter temperature on the efficiency of the TPVmodule is shown
in Fig. 9.

As the emitter temperature T is increased, the performance
of the TPV module also improves, as shown by the increase
in TPV conversion efficiency. With no BSR, as T is increased
from 1400 K to 2200 K, η steadily increased from 2.36% to
9.36%, whereas at R = 1, this increase is smaller and is from
18.2% to 22.16%.

D. COMPARISON OF THE EFFICIENCY OF AN IDEAL
(EQE = 1) TPV MODULE WITH A REAL (EQE 6= 1)
TPV MODULE
To evaluate the extent to which improvements in the TPV
module’s technology is possible, an ideal case has also been
investigated, where the EQE is assumed equal to 1, i.e., all the
incident photons on each TPV cell will generate an equivalent
proportion of charge carriers that will be collected by the TPV
cell’s external circuit. It has been identified that increasing the
intensity of the emitter can increase EQE [72], using a PV cell
material with higher absorption coefficient (e.g. perovskite)
[73], better anti-reflection coating and front surface texturing
[74], using multijunction cells that combine sub-cell materi-
als such that each sub-cell’s range of wavelengths for high
EQE is offset from the other so the net effect is a high EQE
through a wider spectrum of emitter radiation’s wavelength
[75], and low bandgap cells made of quantum nanostructures
[76] can improve EQE.

For the ideal case, the dark saturation currents (I01 and
I02) are the same as those calculated for the real case;
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TABLE 2. The efficiency enhancement achieved in this paper, using back surface reflector (BSR) behind the TPV cell, an external quantum efficiency (EQE)
of 1, and increasing the emitter temperature are compared to efficiency enhancement techniques investigated in other case studies. The other techniques
mentioned here include the use of multijunction cells, high performance selective emitter, and different configurations of TPV cells with respect to the
emitter.
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FIGURE 10. Comparison of the relationship between efficiency η (%) and
BSR reflectivity R for an ideal TPV module (EQE = 1) and a real TPV
module (EQE 6= 1) at an average emitter temperature T of 1750K.

the photocurrent density Iph is equal to 8.158 A/cm2; IL is
2.040 A; Voc is equal to 0.5233 V; and Vm is 0.447 V. The
efficiencies of real and ideal TPV modules are compared
in Fig. 10 for an average T of 1750 K.

Fig. 10 shows the existing room for improvement in a real
TPV module, as an ideal 0.25 cm2 InGaAs TPV cell (EQE
= 1) can attain efficiency as high as 29%, in contrast to 20%
efficiency of a real TPV cell (average EQE = 0.7097), at the
maximum BSR reflectivity of 1. The increase in efficiency
is because, at higher EQE, the reflection, absorption, and
recombination losses are a minimum.

The effect of varying emitter temperature on the efficiency
of an ideal TPV cell (EQE = 1) with respect to BSR reflec-
tivity is also analyzed in Fig. 11.

Fig. 11 is compared with Fig. 9, to determine the impact of
varying the temperature of emitter for an ideal (EQE= 1) and
real (EQE 6= 1) TPV cell, respectively. The efficiency of an
ideal cell with EQE= 1 also follows a trend like that followed
when EQE 6= 1, when the temperature is varied. However,
overall, when EQE = 1 the efficiency values are much more
competitive; at the graphite emitter temperature of 2200 K,
when EQE= 1, the efficiency is equal to 31.75%, in contrast
to 22.16% when EQE 6= 1. η ≥ 30% is a range that makes
TPV solid-state engines competitive to turbines working on
Rankine or Brayton Cycle.

E. COMPARISON OF THE EFFICIENCY ENHANCEMENT
ACHIEVED IN THIS PAPER WITH RESULTS OF PREVIOUS
CASE STUDIES WITH DIFFERENT EFFICIENCY
ENHANCEMENT METHODS
Table 2 compares the significant results of the efficiency
enhancement techniques investigated in this paper to the

FIGURE 11. Effect of varying emitter temperature T on TPV conversion
efficiency for a 0.25 cm2 TPV module with EQE = 1. Increasing the emitter
temperature increases the TPV conversion efficiency.

results that have been achieved by other authors for different
techniques. In this paper, it was found that an emitter tem-
perature of at least 1800 K is required to exceed the 20%
efficiency threshold. However, for the purpose of comparison,
the techniques studied in this paper such as BSR reflectiv-
ity and EQE, and those in other papers such as the use of
multijunction cells in place of single junction cells, use of
spectrally selective emitters, and different configurations and
cavity arrangements of the TPV system have been tabulated
and compared at the same emitter temperature of ∼1600 K.
As per the existing work of other authors, the use of selective
emitters [22] (η = 8% at T = 1640 K) and cylindrical
cavities [77] (η = 4.5%) have not yet been experimentally
shown to attain high efficiencies.

V. CONCLUSION
In this work, the design parameters and configuration of a
practical application of thermal engineering: a TPV system
that is to be used in a CSP plant, is presented. The factors
affecting the choice of material of a TPV cell are different
from those of a conventional solar PV cell due to lower
(< 2500 K) emitter temperatures. It is found that silicon
(Si), despite being the most preferred solar cell material,
is not suitable for TPV applications, as is shown by a small
above-bandgap region of the cell on a Planck distribution
curve of the emitter. Cells with moderate bandgap energy,
Ge (0.66 eV), GaSb (0.72 eV), and InGaAs (0.74 eV), are the
most favorable choices due to their low recombination rates,
high above-bandgap region, and small difference between
peak and bandgap wavelengths leading to smaller thermal-
ization losses.
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A CSP system with a TPV power cycle was modeled
based on a hexagonal TPV cavity design. The significance
of Back Surface Reflectors (BSR) in TPV systems was
highlighted, as it was found that including a high reflec-
tivity BSR (R = 1) alone (e.g. mirror), without any other
changes in the system, can result in an efficiency increase
of almost 15% for an InGaAs cell. It has been determined
that increasing the emitter temperature also increases the
efficiency of the TPV systems. For a real cell, with EQE
< 1 varying with wavelength, the emitter temperatures
must be kept at least above 1800 K, to have an efficiency
exceeding 20%.

Lastly, the scope of future work was assessed by observing
the surge in efficiency values caused by the usage of ideal
TPV cells with an EQE of 1. Using multijunction cells, anti-
reflection coatings, front surface texturing, and cells made of
quantum nanostructures can improve the EQE of the cell and
lead to an increase of almost 10% in efficiency values of a
TPV module integrated with a BSR. The highest efficiency
recorded in this analysis, with the inclusion of series resis-
tance and dark current losses but exclusion of reflection and
transmission losses (EQE = 1), was 31.75 %, for an emitter
temperature of 2200 K and a BSR reflectivity of 1. This
efficiency of 31.75% exceeds the efficiency of most turbines
running on Rankine or Brayton cycle (30%), and the high-
est measured (to date) TPV conversion efficiency (29.1%)
[28]. Among the suggested changes, the incorporation of a
mirror as the BSR is the simplest of changes which must be
introduced in all TPV systems. Thus, with improved research
efforts in TPV technology, the compact TPV systems can
replace turbines in CSP plants.
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