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ARTICLE INFO ABSTRACT

Keywords: The energy conversion efficiency (ECE) and output power density of thermophotovoltaic (TPV) cells are mutually
Thermophotovoltaic‘ . constraining. To better utilize this relationship, a framework was proposed to integrate the internal quantum
Internal quantum efficiency efficiency (IQE) of TPV cells with a multi-objective genetic algorithm (NSGA-II) to optimize both efficiency and

Optimal spectral range
Non-dominated sorting genetic algorithm
Energy conversion

power density across diverse operating conditions. A spectrally selective emitter with a temperature of
1000-3000 K was selected as the radiation source for the studied TPV devices, capable of emitting a spectrum
between 0.4 and 2.0 pm. The gallium antimonide (GaSb) cell was selected as the exploration cell, operating
within a temperature range of 0-200 °C. Through theoretical calculation, the changes in physical parameters and
IQE curves of GaSb cells at various temperatures were determined. The optimal spectral range for varying cell
and emitter temperatures was determined using the NSGA-II algorithm. It was found that the IQE curve decreases
with increasing temperature. Due to the spectral mismatch, the TPV conversion efficiency is much less than 20 %
when the spectral range of the cell is 0.4-2.0 pm at room temperature. By incorporating IQE into the multi-
objective optimization, the efficiency and power density distribution curves can be divided into three regions.
In practical applications, the corresponding regions can be selected based on different efficiency and output
power requirements.

Nomenclature (continued)

Hh the electron mobility [cmz(Vs)’I] TPV thermophotovoltaic

Latin symbols Ly the minority holes diffusion P, the maximum output power (W)
length (m) nj intrinsic carrier concentration

c speed of light in a vacuum (3 x To reference temperature (300 K) m3)

108 ms™)
Dy, drift velocity of the hole (mz-s’l) Th heat source (K)
e electron charge (1.602 x 107°¢) Te spectral control emitter (K)
Ep the built-in electrostatic field T cell temperature (K)
Eg band gap (eV) Voe open circuit voltage (V)
G carrier generation rate (m™°-s) Greek Symbols 1. Introduction
h Planck constant (6.63 x 10>*Js) g efficiency (%)

o1 - -

ha Planck constant (W-m “K ") x extinction coefficient Thermophotovoltaic (TPV) is a promising energy conversion method
k Boltzmann constant (1.38 x A wavelength (pm) L. . .

10275 that converts radiative energy into electrical energy [1]. A complete TPV
Jo  the reverse saturation current T carrier lifetime (s) system primarily consists of a heat source, an emitter, a filter, and a TPV

density (A/m®) . cell [2]. The power generation principles of solar photovoltaic (PV)
Jse E}:} S}‘Z‘)’“'C“C‘“t current density  « absorption coefficient (m™") systems are similar to those of thermophotovoltaic (TPV) systems. The
F the view factor Abbreviations main dlffere.nce lies in Fhe source of energy: while the energy for solar PV
4e  the electron mobility [em?(Vs) 1] IQE  Internal quantum efficiency (%) systems is directly derived from the sun, the energy for TPV systems can

be obtained from various sources, such as solar energy [3], combustion
[4], nuclear energy [5], and waste heat sources [6], among others.
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Moreover, TPV systems offer several advantages over solar PV, such as
high energy density, low noise and pollution, independence from time
and space constraints, as well as enhanced safety and reliability [7].
Therefore, TPV power generation has great potential for applications,
especially in cogeneration [8] and waste heat recovery [9]. However,
according to the current research, the low energy conversion efficiency
(ECE) of the TPV system is the main factor restricting its further
development. The ECE of the system is affected by many factors, among
which the most important is heat loss due to the spectral matching be-
tween the cell and emitter.

In earlier research, most research focused on improving the effi-
ciency of the whole TPV system. A TPV system utilizing bioenergy as the
heat source was designed by Erik et al. [10].

The cell and emitter were placed at the end of the vertebral structure,
and a filter was placed at the middle midsection. During the experiment,
the emitter was heated to 1200 °C, and the GaSb cell achieved an output
power of 7.5 W, with an ECE reaching 4 %. Chan et al. [11] proposed a
micro-thermophotovoltaic (pPTPV) generator to produce power with
high energy density, high efficiency, and portability. The pTPV is
composed of a silicon propane micro-combustor, a selective thermal
emitter, four indium gallium antimonide arsenide (InGaAsSb) cells, and
a power-point tracking power electronics converter. It was shown that
when the temperature of the mic-combustor reached 800 °C, an output
power of 13.7 W was achieved, corresponding to a power density of 344
mW/cm?. An ECE of 2.5 % t was achieved in the system during exper-
imental tests. A gas-fired furnace system was designed by Qiu and
Hayden [12]. The heat radiation was provided via a metal alloy emitter
and an InGaAsSb cell with a band gap of 0.53 eV. The results showed
that when the emitter temperature is 1197 °C, the output electric power
density is 0.65 W/m?2. An electrical efficiency of 4.7 % is achieved in this
TPV system. Li and Xuan [13] designed a hybrid
thermophotovoltaic-thermoelectric system. The system consists of the
gallium antimonide (GaSb) TPV cell and a BiyTes thermal electric
module. These two modules are installed without physical contact,
thereby eliminating thermal interaction. The experimental results
demonstrated that the efficiency of the TPV system could be enhanced,
reaching a total efficiency of 5.91 %. Lopez et al. [14] presented an
experimental setup, and high TPV conversion efficiency is achieved by
reducing the distance(<1 mm) from the emitter to the cell. Conse-
quently, when the temperature of a graphite thermal emitter is 1592 °C,
an output power density of 4.3 + 0.8 W/cm? and a TPV efficiency of
26.4 £+ 0.1 % were achieved by the indium gallium antimonide (InGaAs)
cell with a back reflector. The above studies are aimed at enhancing the
functionality of the complete TPV system. According to these experi-
mental results, power density and conversion efficiency can be
improved. However, the high cost remains a significant barrier to
widespread application.

Some researchers focused on improving individual components in
the TPV system. Meng et al. [15] designed a selective emitter with a
core-shell nanosphere (CSN) structure. The emissivity of the emitter is as
high as 0.93 within the effective bandgap by adjusting its geometric
parameters. For a TPV system with InGaAs cells, an output power den-
sity of 0.594 W/cm? and the system efficiency of 12.83 % were achieved
at an emitter temperature of 1338 K. Omair et al. [16] proposed that a
rear mirror could be placed at the back of the cell. This mirror can
recycle infrared thermal photons by reflecting low-energy infrared
photons back to the heat source. By adding this reflective rear mirror
design, the TPV efficiency of 29.1 + 0.4 % was achieved at an emitter
temperature of 1207 °C. Gamel et al. [17] suggested that TPV cells
should be optimized to increase power output. To achieve
multi-dimensional optimization of Ing 53Gag 47As, a precisely coded ge-
netic algorithm was employed. The results showed that an output power
of 0.55 W/cm? and a cell efficiency of 22.06 % can be achieved by the
optimized TPV cell under the 1400 K emitter spectrum. According to the
above research, the ultimate goal of optimizing individual components
in the TPV system is to achieve spectral matching between the emitter
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Fig. 1. Schematic of a typical thermophotovoltaic system.

and the TPV cell.

In fact, the primary cause of low TPV conversion efficiency is the
various heat losses associated with the cell. The heat loss mainly comes
from Joule heating, thermalization of radiation, non-radiative recom-
bination, and so on. Significant efforts have been dedicated to mitigate
the negative impacts of these losses in TPV devices [18,19]. Many papers
have been conducted to optimize the spectral matching between the
emitter and the cell to minimize heat loss. However, it is crucial to note
that an increase in cell temperature can further impact spectral match-
ing between the emitter and the cell, thereby exacerbating heat loss. To
the best of our knowledge, no attempt has been made to incorporate the
quantum efficiency of the cell to achieve the maximum conversion ef-
ficiency when determining the optimal spectral range.

The objective of this work is to determine the optimal spectral range
of TPV cells at different temperatures corresponding to different emitter
temperatures, to maximize TPV cell utilization, and to rationalize effi-
ciency and power density in different working environments. This is
achieved by using a rigorous optimization framework that integrates an
internal quantum efficiency model with a publicly available multi-
objective genetic algorithm (NSGA-II). A spectrally selective radiator
and a GaSb cell were selected as the research subjects. The temperature
range of the spectrally selective radiator is 1000-3000 K [20], and its
corresponding spectral range is 0.4-2.0 pm. The temperature range of
the GaSb cell is 0-200 °C [21-23]. Through the temperature-dependent
formula, the IQE curve of the GaSb cell at different temperatures is ob-
tained. Subsequently, the optimal spectral range of the cell at various
temperatures and radiation temperatures was determined using the
NSGA-II method.

2. Mathematical model

Given that the temperatures of the TPV cell and the emitter are
interdependent, determining the optimal radiator emission spectrum
that maximizes TPV performance (energy conversion efficiency # and
output power P) is not a straightforward task. In practical applications,
the temperature of the TPV cell is greater than the ambient temperature,
rather than being at an ideal working temperature. Even if temperature
management is adopted, it is not easy to reach an appropriate temper-
ature. Therefore, to optimize the spectral matching between the heat
source and the TPV cell at various temperatures and maximize TPV cell
performance, a coupled electric-thermal TPV cell model is developed
and integrated with the NSGA-II method.

In this study, multi-objective optimization is accomplished using
NSGA-II [24,25]. Compared to other optimization algorithms, such as
Grey Wolf Optimizer (GWO) [26], butterfly optimization algorithm
(BOA) [27], and Particle Swarm Optimization (PSO) [28], this method
offers the advantages of a uniformly distributed Pareto-optimal front,
time-consuming calculation, and presenting the Pareto-optimal solution
in a single run only in NSGA-II [29].
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Fig. 2. The structure of GaSb Cell.

2.1. Typical thermophotovoltaic system model

Fig. 1 presents a schematic diagram of a typical TPV system. A heat
source, selective emitter, TPV cell, and cooling system are included in
the system. Ty, Te, and T, denote the temperature of the heat source, the
spectral control emitter, and the cell, respectively. In this study, it will be
assumed that the T, and T. are equal. Meanwhile, considering the
thickness of the cell is only 0.65 mm, the temperature difference be-
tween the top and bottom sides can be ignored. Based on the principle of
energy conservation, the system energy equation is as follows:

Qn=Q +Q €}

where Q,, is the net radiation heat transfer between the emitter and cell,
Q. is the output power density of the GaSb cell, and @, is the heat loss of
the heat dissipation system. According to the principle of conservation
of energy, there is an inverse relationship between electrical energy and
heat loss.

A vertical orientation of the emitter and the TPV cells Q;, can be
calculated as follows [30]:

Qi =necFA(T: - T?) (2

where n is the refractive index of the participating medium. ¢ is the
emissivity. F is the view factor which is determined by the geometrical
arrangement of system. A is the active area of the cell.

The output power density is an important parameter that can be used
to evaluate the performance of the TPV system. The calculation
expression is as follows [31]:

Q=¥ ‘lnui/Joﬂ i ‘lngi%jo)} ®

where Jpp, Jo, and V. are photocurrent density, reverse saturation
current density, and open-circuit voltage, respectively.

The photocurrent density can be calculated by the internal quantum
efficiency (IQE), and it can be expressed as follows [32]:

Ay
Joh = / %‘IQE-W(/UQin(ﬂ)d’1 @
A

where a(4) is the absorption coefficient of the cell. ¢ represents the speed
of light. e represents the unit charge. h represents the Planck constant. 1;
and A, are the boundary wavelengths of the selective spectrum. IQE is
the total internal quantum efficiency that can be provided by manu-
facturers. However, the IQE curve of the cell provided by the producer
only represents the spectral conversion performance of the cell at room
temperature. In fact, the IQE curve varies with the cell temperature,
thereby affecting the energy conversion performance of different bands.
Meanwhile, the energy loss of the cell in the response band is extremely
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Fig. 3. The GaSb cell model and the width of each region.

high, especially under a high-temperature heat source. Even if certain
heat dissipation measures are taken, the temperature of the cell is still
significant. The heat dissipation can be expressed as follows [33]:

Q=ha(T. — Ts,) 5)

where Ty, is the temperature of the ambient. h, is the convective heat
transfer coefficient, which is determined by different heat dissipation
methods.

2.2. The thermophotovoltaic cell-genetic algorithm model

2.2.1. A model for calculating IQE curve of the TPV cell

In this work, the structure of the GaSb cell is shown in Fig. 2. GaSb is
a narrow band gap III-V semiconductor material, which is formed by the
combination of p-type and n-type semiconductors to form a p-n junction
[34,35]. It is not only easy to manufacture but has also been demon-
strated as a promising candidate for high-speed electronic and infrared
photonic devices such as lasers, detectors, and thermophotovoltaic cells
[36]. Within the past few years, both the Fraunhofer Institute for Solar
Energy System (FISE) and JX Crystals have been able to manufacture
high-quality GaSb cells and sell them to the public. Therefore, the widely
used GaSb cell was selected for this study. The operating principle of the
GaSb cell is as follows: When photons are absorbed by semiconductor
materials, minority carriers (electrons and holes) are generated in both
the conduction and valence bands. Although there is a powerful built-in
electric field in the barrier area of the p-n junction, with the increase of
the concentration of minority carriers, they can enter the barrier area
through diffusion. Due to the built-in electrostatic field, they move in
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opposite directions and leave the depletion region, causing the potential
in the p region to increase and the potential in the n region to decrease,
and ultimately establishing a potential difference across the p-n junc-
tion. When the external circuit is connected, the carriers flow through
the circuit, generating a current.

To simplify the calculation model, the x-direction is expanded, and
only three regions are considered [37]. The structure of these three re-
gions is illustrated in Fig. 3. They are referred to as the emitter region
(ER), the depletion region (DR), and the base region (BR). The ER is a
p-type semiconductor with a width denoted as Wggr. The DR is the pn
junction of the GaSb cell, with a width of Wpg. The BR is an n-type
semiconductor with a width of Wpgg. The built-in electrostatic field in
this region is oriented in the opposite direction to the potential differ-
ence outside the cell.

Before calculating the IQE of the GaSb cell, the spectral distribution
of the emitter needs to be defined. In this work, a spectrally selective
emitter is selected as the radiation source, with the spectral range is
0.4-2.0 pm. It is assumed that the emissivity of the spectrally selective
emitter in the effective spectral range is comparable to that of a black-
body. According to Planck’s law, the spectral distribution of blackbody
radiation is given by the following equation:

27hc?
28 {exp (&—;) - 1}

where k is the Boltzmann constant. T; is the temperature of the black-
body heat source. A is the wavelength.

The intrinsic carrier concentration n; is a crucial parameter for
achieving precise calculations in TPV cells. To estimate the n; value
accurately, it is necessary to consider the energy gap of the semi-
conductor Ej, the effective density of states in the valence band Ny, and
the effective density of states in the conduction band N.. It is given by
the following expression [38]:

Ey(A,Tr) = (6)

n= NCNVexp< - zi—;) @

where N, and Ny are the functions of temperature, N, = 2.(2nmy*kT)>?/
K® and Ny, = 2~(2nmp*kT)3/ 2K, my* and mp* represent the effective
mass of electrons and holes, respectively. The formula can be further
written as follows [39]:
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and the bandgap energy:

he

Eg

Ae (10

The mobility of electrons and holes is calculated using Martin’s [42]
semi-empirical formula:

P e (300/ )" — i
1+ (ND/Nrefve(BOO/T)Hz_e)

/’te(NDﬁ T) = Hmine T e an

where the maximum and the minimum electron mobility are ymaxe =
5650 cm?(Vs) ! and Umin,e = 1050 em?(Vs) 7L, respectively. Niefe is the
doping concentration at which the mobility is decreased to half the value
it reaches at low doping, at room temperature, Nrefe = 2.8 X 107 ecm 2.
ae represent the absorption coefficient of electron, a. = 1.05, 61 e and 0 ¢
represent the temperature coefficient of electron, 6 ¢ = 2.0, 62 = 2.8.

Similar to the electron mobility, the hole mobility is expressed as
follows [42]:

/”max.h(300/’1")01'c ~ Mminh
1+ (ND / N,ef,h(SOO/T)”z-h) "

Hn (NA7 T) = Hminh + (12)

where fimaxh = 875 cm?(V8) ™!, fiminn = 190 em?(Vs) ™!, Nyegn = 9 x 107
em™3, ao = 0.65, 010 = 1.7, O = 2.7.

The generation rate of minority carriers is the function of the input
spectral irradiance and semiconductor absorption coefficient a(1), it can
be calculated as follows [43]:

G(x,2) = Qi (A)a(2)exp|—a(2)x] (13)

where the x represents the direction along the thickness of the cell.

The total quantum efficiency of the cell consists of three parts: the ER
region QEgr()), the DR region, QEpr()), and the BR region, QEggr(\).
Therefore, the total internal quantum efficiency of the GaSb cell is
expressed as follows [44]:

IQE(%) = QEgg (4) + QEpgr(4) + QEpr(4) 14)

QEgr(M) can be calculated by the current density of the minority
carrier [45]:

3 1 1
2nmokT\2/ . 2 —AEFE . 2\2 . 2 L 3\2 —E,
n= 2( h; > <m L2 exp (TFL> + mevr2> X <mh_q,2 +m, _y2> exp (ﬁ) (8)

where meL% and m;r% represent the L layer and I" layer of the mass of
electronic effects in the conduction band, respectively. m;_ﬁ and mfw%
represent the y layer and y layer of the mass of the hole in the valence
band, respectively. my is the mass of the free electron, mg = 9.1095 x
103 kg.

The semi-empirical formula proposed by Varshini [40] is used to give
the dependence of band gap energy with temperature:

AT?
Ey=FEgp — —— ©

where Ego represents the band gap energy of the cell at 300 K. According
to the empirical data in Frass [41] literature, taken Ego = 0.812 eV, A =
4.17417 x 10~* eVK ™!, and B = 140 K, respectively.

There is an inverse relationship between the cutoff wavelength(i.)

Je (%, 2) |y
SR

[en(x)pe (X)Er (x) + KThe () (dn(x) /)] |y
eQin (l)

(15)

where J; (x, 1) is the density of minority carriers at the emitter edge x =
xgRr. Eg represents the built-in electrostatic field.
QEpr(4) can be calculated as follows [46]:

QEpr (4) = a(4)exp[—a(4) Wgr] (1 — exp[—a(4) Wpr]) 16)

where the Wgg and Wpgr represent the width of the ER and DR,
respectively.

Given the constant doping concentration of the donor and the width
of the BR (Wgg), the QEgg can be calculated by Bouzid’s formula [47]:
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Fig. 4. Flowchart of genetic algorithm method to find the best matching range between different spectral radiation and the TPV cell.

a (/1)1.},

QEgg (1) = Tra()s

eXp[ — a(/‘[)(WER + WDR)} (17)

where the Ly, represents the diffusion length of the minority carrier
(holes), it is calculated as follows [48]:

Lh = DhTh (18)

where the 7, represents the lifetime of the hole. The Dy, represents the
drift velocity of the hole. According to Einstein’s equation, it is repre-
sented as follows [49]:

Dy = (kT / e)u, (19)

The reverse saturation current of the cell is calculated as follows
[50]:

Jo=eNNy[Dy / (LaNa) + D, / (LpNp) |exp[—E, / kT] (20)

By bringing the N, and N, into equation (13), the reverse saturation
current, temperature, and the band gap have the following relationships
[23]:

Jo=CT® exp (%T(T)) 21)

where C is an empirical constant taken as 1.84 x 10-3 Am~2K> [41].
The short-circuit current (Jg) is calculated as follows [51]:
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o FE®b. ) a()IQE()d
Jse =eNpp = eF/T

A1

(22)

where F is taken as 1.
The open-circuit voltage (V) can be calculated as follows [52]:

Voe = (kT / e)InlJs. / Jo +1] @3

The transcendental equation can be used to solve the maximum
voltage [53]:

Voe = (KT / e)In[1 +€Vip / KT] + Vinp @9

where the Vi, represents the maximum voltage point.
The maximum power (Py,) is calculated as follows [54]:

Poy =eJse(Vimp)® / (KTe + €Vimp) (25

The conversion efficiency of the cell is calculated as follows [55]:

Py
n="= (26)
Qin
The fitness function is defined as f(4), and it is shown in Eq. (27):
Ay
/ (1 — IQE; By, dJ
il 20) = P
Minmimize : / By ,d) 27)
A
1
f2 (/11 k) 12) = P_

m

Subject to: 0.4 pm< 43 <Az < 2.0 pm.

where Ey; characterizes the relationship between spectral energy
distribution and temperature, and the IQE characterizes the relationship
between heat source temperature and cell temperature.

2.2.2. Coupling of the IQE model with the NSGA-II

According to Egs. (6)-(19), the IQE can be calculated. To explore the
best matching range between different spectral emitters and TPV cells in
various working environments and to identify the emitter emission
spectrum that maximizes TPV performance, the NSGA-II method, a
highly efficient optimization tool, is coupled with the TPV cell model to
obtain the optimal spectral range under different operating conditions.
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Considering the spectral response range of the GaSb cell, the spectral
range of the spectrally selective emitter is set to 0.4-2.0 pm. The emis-
sion spectrum is discretized into M small intervals within this range
(0.4-2.0 pm), with a spectral emissivity of 1 for each interval. The
NSGA-II method is used to find a group of optimal individuals in this
range, maximize the fitness function, and achieve the maximum TPV
conversion performance. A random population of emission spectra at
any temperature is generated to initialize the NSGA-II calculation. In
each discretized spectral range, Py, is calculated using the IQE model.
Based on the P, values obtained for each band, a ranking is established.
The IQE-NSGA-II -GA algorithm schematic for determining the 5 is
illustrated in Fig. 4.

In this work, the temperature range of the spectrally selective emitter
(Te)is set to 1000-3000 K, and the temperature range of the cell (T) is
0-200 °C. The Wgg = 0.03 pm, while Wpg = 0.5 pm. It is assumed that
the thickness of the depletion region is confined to the p-type region,
which varies with the temperature. Since the temperature difference
between the two sides of the cell is less than 0.1 K, it is considered
negligible. In this work, the cell temperature refers to the average
temperature of the cell. A population size of 100 with an evolutionary
period of 2000 generations proved to be sufficient for determining the
emission spectra that maximize # or P in all simulation calculations.
Refinement of temperature discretization did not significantly alter the
emission spectrum. This suggests that the current configuration is
optimal for maximizing the conversion efficiency of the cell. The sta-
bility and reliability of the results are thus ensured.

3. Results and discussion
3.1. Cooling system heat dissipation

As provided by manufacturers, the external quantum efficiency
(EQE) of the GaSb cell at room temperature is shown in Fig. 5. It can be
inferred from the graph that the GaSb cell can operate effectively in the
spectral range of 0.4-2.0 pm, while energy outside this range cannot be
utilized. Unusable energy can be converted into heat, causing the tem-
perature of the cell to rise and posing a greater burden on heat dissi-
pation. Assuming the temperature of the blackbody heat source is 1000
K, the energy within the operating band of the cell is about 0.56 W, while
the energy outside this band is around 7.83 W. The latter is approxi-
mately 14 times greater than the former. This unutilized energy will
result in significant waste heat generation.

According to existing literature, various cooling methods are avail-
able, but the convective heat transfer coefficient is relatively low. For
example, when the cell is immersed in circulating water with forced
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convection for heat dissipation, a convective heat transfer coefficient of
6 x 10° W/(m?-K) can be achieved [56]. If high-pressure water is used to
directly impinge the photovoltaic cell, the coefficient can be increased to
2.7 x 10* W/(m>K) [57]. For a single channel system, the required
convective heat transfer must reach 3.5 x 10* W/(m2K) to effectively
cool the TPV cell [58]. When using a multi-channel flow configuration,
the maximum convection heat transfer coefficient needs to be as high as
6.5 x 10* W/ (mZ-K) [59]. Achieving these values is essential to maintain
the cell at ambient temperature.

As mentioned above, for high-temperature emitters, the cell requires
highly efficient heat dissipation, making it extremely challenging to
maintain a constant temperature of 300 K. However, once the temper-
ature of the cell changes, the internal quantum efficiency curve of the
cell will be changed. Therefore, to improve the working performance of
the cell under a high-temperature emitter, the optimal spectral range of
the cell at different heat sources and cell temperatures is selected as
needed.

3.2. The change in the physical parameters

According to the calculation model of IQE, the energy conversion
efficiency of the cell is significantly affected by the doping concentration
of the donor and acceptor. Therefore, in this study, we assume a non-
uniform doping [46], as illustrated in Fig. 6, which shows the

concentration distribution across the cell.

According to the above calculation model of IQE, the influence of
temperature on various parameters can be observed, as shown in Fig. 7.
The bandgap energy and carrier mobility of the cell are both negatively
correlated with temperature (Fig. 7 (a)(b)), decreasing as the cell tem-
perature increases. Meanwhile, the results of the bandgap energy vari-
ation with temperature were compared with those in Frass et al. [60]
and Ghezzi et al. [61], showing good agreement, which suggests that our
findings are reasonably accurate. The carrier lifetime (Fig. 7 (c)) exhibits
an S-shaped variation with temperature, increasing in the ranges of
0-50 °C and 150-200 °C as the temperature rises. The intrinsic carrier
concentration (Fig. 7 (d)) is positively correlated with temperature,
gradually increasing as the temperature rises. The reason behind this
phenomenon is that as the temperature increases, the energy of the
carrier also rises, enabling it to surpass the energy band gap and tran-
sition into the energy band, leading to a surge in carrier concentration.

3.3. The IQE curves at different temperatures

According to the curve movement in Fig. 8, the temperature has a
significant influence on the IQE of different regions (ER, DR, and BR). In
Fig. 8 (a), the peak value of ER conversion efficiency is about 40 %. As
the cell temperature increases, the peak value of conversion efficiency
experiences a redshift. Beyond the peak, as the wavelength increases,
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the internal quantum efficiency also increases with rising temperatures.
In the DR, the peak value of DR conversion efficiency is about 33 %.
When the temperature ranges from 0 to 200 °C, the peak of conversion
efficiency is mainly concentrated in the range of 780-980 pm. Similar to
the trend observed in the ER, the overall curve experiences a redshift as
the temperature increases. Before reaching the peak value, the DR-IQE
decreases with the increase in temperature. After the peak value, the DR-
IQE increases with the increase in temperature. In the BR, the peak value
of ECE occurs after 1.6 pm, and the peak value of ECE is about 50 %.
Fig. 8 (d) shows the IQE obtained by the sum of three regions. It shows
that the increase in temperature will change the IQE of the TPV cell, thus
affecting the ECE.

In Fig. 9, the results of IQE obtained using the calculation model in
this paper are compared with the results in the literature [45,62].
Through comparison, it can be found that the results are consistent in
the wavelength range of 1000-1900 nm. In the range of 800-1000 nm,
there is a maximum difference of about 4.45 %. The main reason for this
discrepancy is that the initial doping concentration in ER is slightly
different from that in the literature. Specifically, the initial doping
concentration in the ER in literature [62] is nearly 10 times higher than
that in this paper. This variation is within the allowable range, sup-
porting the reliability of our model calculations.

Fig. 10 shows the variation of the maximum current (I;,), maximum
voltage (Vy,), short circuit current (I;.), and open circuit voltage (V) of
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the TPV cell at different cell temperatures (0-200 °C) with emitter
temperatures set at 1500 K, 2000 K, 2500 K, and 3000 K. From the
overall trend in the figure, the Iy, Vi, I, and Vi of the cell all increase
but their trends are different as the temperature of the radiation source
increase. As the cell temperature increases, the curve trend of I, in-
creases first and then decreases. When the temperature of the radiator is
1000 K, the peak value of I, is 25 °C. At the temperature of the emitter of
1500 K, the peak value of the I;, is 50 °C. The temperature of the radiator
is 2000-3000 K, and the peak value of I, is 75 °C. The Vy, is negatively

The peak wavelengt shi

Cut-off wavelength, redshift
|
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Fig. 12. The spectral emissive power of blackbody at several temperatures.

related to the cell temperature. The Vy, drops by about 0.3 V for every
25 °C rise in the cell temperature, which is not affected by the temper-
ature of the radiator. The I, generally increases with the rising cell
temperature. But with the increase of cell temperature, the Iy increases
at a slower rate. The V. decreases with increasing cell temperature,
exhibiting a negative correlation. In general, the larger the bandgap
energy, the higher the open circuit voltage. The smaller the band gap
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Fig. 13. Pareto optimal solution for efficiency and output power.

energy, the higher the short-circuit current. The cause of this phenom-
enon can be explained by the Fermi energy level of semiconductor
material. When the injected photon energy is fixed, the increase in
temperature will cause more electrons to be distributed in the defect
state with a higher energy state, resulting in an increase in the Fermi
energy level, which will affect the distribution of the carrier. In general,
with the increase in temperature, the probability of the electron occu-
pying energy less than the Fermi level quantum state decreases, while
the probability of occupying energy higher than the Fermi level

10

quantum state increases.

Fig. 11 shows the curve of the ECE of the cell changing with the cell
temperature under the different temperatures of the radiator. The ECE of
the cell declines as cell temperature rises. When the temperature of T, is
fixed, the higher the temperature of the emitter, the higher the ECE of
the cell. However, even if the selected spectral range is 0.4-2.0 pm, the
ECE of the cell is low. When the temperature of the emitter is up to 3000
K, the ECE is still less than 20 %. On the one hand, as the temperature of
the emitter increases, the peak wavelength shifts towards the shortwave
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Table 1
The best spectral range and conversion efficiency of GaSb at different temper-
atures of the radiator.

Area Spectral range (pm) Bandwidth (pm) n (%) P (W-m?)

A 0.4583-1.8469 1.3886 32.88 835.71
0.5284-1.8234 1.2950 35.15 835.22
0.5068-1.7998 1.2930 37.66 834.45

B 0.6129-1.6064 0.9935 53.47 609.10
0.6428-1.5801 0.9373 54.33 556.72
0.6526-1.5392 0.8866 55.37 477.46

C 0.6668-1.3144 0.6476 60.48 160.93
0.8087-1.2588 0.4501 61.94 113.50
0.6423-1.1993 0.5570 63.73 76.027

direction. On the other hand, it is influenced by the manufacturing
process of the cell itself. Meanwhile, it is difficult to reach such a high
temperature. Moreover, the emissivity of the emitter in the effective
band is far less than 1, and the energy conversion performance of the cell
will be lower. We should better adjust the available spectral range ac-
cording to the temperature of the cell and emitter.

3.4. Maximization of TPV performance

Fig. 12 displays the spectral emissive power of the emitter that
maximizes conversion efficiency while taking the cell temperature into
account. With the increase in temperature of the TPV cell, the band gap
energy decreases, as shown in Fig. 6(a). According to Eq. (10), it can be
inferred that as the bandgap energy decreases, the cut-off wavelength
increases (redshifts) of the cell. However, the peak wavelength appears
blueshift as the temperature of the heat source increases. This will
change the output power density and the proportion of heat loss of the
cell. Therefore, it is necessary to determine the optimal spectral
matching range at different temperatures of the cell through the TPV -
GA model to maximize the output power of the cell.

Calculate the emitter emission spectrum that maximizes TPV con-
version efficiency at a given cell temperature. This spectral range was
obtained from the TPV-NSGA-II model, using 120 small spectral bands,
each with a bandwidth of 0.05 pm, within the energy range of 0.041 eV,
to minimize computation time. Note that the differences in conversion
efficiency, the output power density, and the width and spectral cutoffs
of the ideal emission spectrum are all less than 1 % when the spectral
discretization is refined from 100 to 200 bands.

Fig. 13 shows the optimal solutions for efficiency and power density
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output of the cell at various temperatures with different emitter tem-
peratures. From the figure, it can be seen the data distribution is clearly
divided into three regions, referred to as Zone A, Zone B, and Zone C.
These regions are roughly divided based on the curve y = x as the central
line. However, the characteristics of the three regions are apparent. The
output energy flow density and ECE are both high in Zone A. On the
contrary, Zone C exhibits high thermoelectric conversion efficiency but
low output power density. Zone B is characterized by relatively high
efficiency and output power density. We have identified corresponding
regions for practical applications based on different application re-
quirements. To provide further interval analysis, we have plotted
Fig. 14.

Fig. 14 illustrates the detailed output power and efficiency curves
depicted in Fig. 13 (a) for a heat source temperature of 1000 K and a cell
temperature of 25 °C. Three points from three regions were selected, and
their corresponding intervals, efficiency, and power density values are
summarized in Table 1. Based on the data in Tables 1 and it can be seen
region A has an extensive spectral range and input energy, resulting in a
high output power density. Additionally, the curve changes in region A
are relatively gentle, indicating that the overall effective spectral range
of region A is wider and has more incident energy. Region C has a
narrow spectral range and less input energy, resulting in a low output
power density. Moreover, the effective spectral range in region C is
narrow, and the internal quantum efficiency is high, resulting in a high
thermoelectric conversion efficiency. Region B belongs to the compro-
mised region, with high efficiency and power density. Whether selecting
the highest efficiency or maximum spectrum, it corresponds to the
corresponding spectral bandwidth.

4. Conclusions

To maximize the utilization of TPV cells and rationalize efficiency
and power density in different working environments, a framework is
proposed that combines a multi-objective genetic algorithm (NSGA-II)
with the internal quantum efficiency (IQE) of the TPV cell, which ac-
counts for both thermal and electric factors. The spectrally selective
emitter used in the condition for the TPV system under consideration has
a temperature range of 1000-3000 K, a spectral range of 0.4-2.0 pm,
and the cell temperature changes range from 0 to 200 °C. The result can
be summarized as follows.

(1) The effect of temperature on ER, DR, and BR zones is different. In
the ER, the peak value of conversion efficiency moves toward the
direction of the long wave (redshift) as the cell temperature rises.
Following the peak value, as the wavelength increases, the in-
ternal quantum efficiency conversion also increases with tem-
perature. In the DR, When the temperature is 0-200 °C, the peak
of conversion efficiency is mainly concentrated in the range of
780-980 pm. Similar to the ER, the overall trend also moves to-
ward the direction of the long wave with the rise of temperature.
The internal quantum efficiency is influenced by the temperature
of the cell.

(2) When T, is fixed, the rise in temperature of the cell will reduce the
ECE of the cell. If the temperature of T, is fixed, the higher the
temperature of the emitter, the higher the ECE of the cell. Even if
the selected spectral range is 0.4-2.0 pm, the temperature of the
emitter is up to 3000 K, and the ECE is still less than 20 %.

(3) By combining the internal quantum efficiency (IQE) of TPV cells
considering thermal loss with the NSGA-II, the optimal match
between the cell and the spectral control emitter is explored, and
the data distribution is divided into three regions. Based on
different requirements for efficiency and output power, corre-
sponding regions in practical applications can be selected ac-
cording to different application requirements.

From a practical standpoint, the production and processing of TPV
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cells are complex and challenging. Exploring new production techniques
and developing new materials requires time and practice. Moreover, the
introduction of new processes and materials may lead to increased costs,
making rapid application and promotion more challenging. Therefore, it
is essential to maximize the performance advantages of existing prod-
ucts. Based on the optimization framework proposed in this article, it is
feasible to maximize energy conversion. After clarifying the temperature
of the heat source and the cell, a spectrum selection emitter can be
employed through our proposed framework to achieve maximum effi-
ciency or maximum output power density within the allowed spectral
range of different TPV cells. Although this framework has limitations
when applied to real-world TPV systems, such as in our hypothesis that
the spectral range of the emitter is set at 0.4-2.0 pm with an emissivity of
1. This is difficult to achieve in the manufacturing of selective emitter.
Furthermore, maintaining the cell at a stable low temperature at all time
is also difficult. If higher-performing emitters can be produced through
reasonable spectral regulation and reduced thermal pressure, our pro-
posed framework can be more effectively applied in practice. Ulti-
mately, it will be possible to maximize the benefits of the TPV system
and foster its further development.
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