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A B S T R A C T

This paper proposes a new technical route of solar-biomass assisted thermophotovoltaic (TPV) system for power
generation which uses renewable fuel and contributes to carbon neutrality. Here, a thermophysics model is
established for solar-biomass assisted TPV based on energy-balance principle. The effects of some key parameters
on the new system performance are investigated, including concentrate ratio, emitter area, biomass fuels, etc.
Besides, biomass fuel saving after adding solar energy is investigated. The results show that the solar-biomass
assisted TPV system can not only increase the output power of photovoltaic cells by more than 10 kW/m2

compared to biomass-driven TPV but also increase the electrical efficiency by nearly 10 percentage points. It is
pointed out that improving the absorptance of solar absorber is the key for system optimization. Furthermore, the
annual performance analysis shows that it also saves biomass fuel by up to 60% in one year. This study provides a
reference for the design and application of renewable TPV technology.
1. Introduction

With the intensification of global energy and environmental issues, it
is of strategic significance to achieve the goal of carbon neutrality on a
global scale. Therefore, in terms of energy production technology, firstly,
it is necessary to develop and utilize renewable resources such as solar
energy (Su et al., 2017). Secondly, the development of new energy
conversion technologies is a key measure to improve energy efficiency,
which effectively guarantees the development and utilization of renew-
able energy.

Thermophotovoltaic (TPV) technology based on solar radiation en-
ergy is a potential new power generation technology. A typical TPV
system consists of a heat source, emitter, filter, and photovoltaic cell. TPV
also has many advantages such as low noise, light weight, high energy
density, and flexible fuel adaptability (Bitnar et al., 2013). The solar
thermo-photovoltaics (STPV) use solar radiation as heat source, a typical
absorber which could harvest the solar energy and heat the emitter to a
high temperature (Shan et al., 2022b). With the help of selective filter,
the emitter can generate spectral radiation in a suitable waveband for
photovoltaic cells. The theoretical thermodynamic efficiency of STPV can
reach 85% (Shan et al., 2022a). Rephaeli et al. (2009) shows that STPV
could achieve an efficiency of more than 50% theoretically based on
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practical selective absorber and emitter, showing high application
potential.

In recent years, researchers have continued to improve STPV, and the
system performance has been developed. Nam et al. (2014) designed a
planar STPV based on two-dimensional Ta photonic crystals and series
filters, achieving a numerical efficiency of 10% at 1400 K. Ni et al. (2019)
designed a STPV with a cavity-structured reflector in front of the
absorber to recycle the infrared photons emitted from the absorber top
surface, and the calculated efficiency is 17.4% at 50 concentration ratio.
Chen et al. (2020) designed selective absorber and emitter based on
tungsten spheres and SiO2-coated substrates to match InGaAsSb photo-
voltaic cells. The numerical efficiency of the total STPV increases from
10.4% to 20.3% when the incident solar concentration ratio increases
from 1 to 100. Recently, Chen et al. (2022b) designed a meta-material
absorber and emitter to match a STPV system with molten salt energy
storage. It is also (Shan et al., 2020b) pointed out that the key to improve
the performance of STPV is the selective absorber or emitter based on
micro/nano-structured materials, and scholars have also carried out
related experiments. Lenert et al. (2014) obtained an experimentally
efficiency of 3.2% using a photonic-crystal emitter. Ungaro et al. (2015)
constructed STPV devices with GaSb cells and they used nanostructured
tungsten as selective absorber/emitter, the obtained experimental effi-
ciency reaches 6.2%. Recently, Bhatt and Gupta (2020) designed and
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Nomenclature

C concentration ratio of solar collector
Cp specific heat (J/(kg⋅K))
E emissive power (W/m2)
Ec heat exchanger efficiency
Eg PV cell bandgap (eV)
FF fill factor
G solar radiation intensity (W/m2)
h surface heat transfer coefficient W/(m2⋅K) or enthalpy (kJ/

kg)
Jsc short-circuit current (A)
LHV lower heating value (kJ/kg)
_m mass flow rate (kg/s)
P Power (kW)
r solar-to-fuel input ratio
S surface area (m2)
T temperature (K)
Voc open-circuit voltage (V)

Greek symbols
α absorptance

η efficiency
λ transformation coefficient
ρ reflectivity
ε emittance
θ energy-saving rate

Subscripts
ab absorber
af adiabatic flame temperature
air air
cp combustion product
em emitter
egy energy
el electrical energy
f flame or fuel
fuel fuel
flt filter
g average flame temperature
out outlet
sol solar
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fabricated an efficient STPV system which used two Si3N4 nanolayers
with an intermediate W layer to form an emitter to match GaSb cell. It
shows a system efficiency of 8.6% at 1670 K. Although the reported
experimental efficiency of STPV is only about 10%, the recent experi-
ment by LaPotin et al. (2022) determined that the TPV efficiency can
reach 40%. This indicates the future development potential of TPV and
STPV.

In practical application, there is supply discontinuity for solar energy;
thus, STPV system should be developed and optimized. An effective so-
lution is to combine energy storage technology. Seyf et al. (2016) pro-
posed to use high-temperature silicon as thermal storage medium for
STPV. Recently, Chen et al. (2022a, 2022b) proposed to use conventional
molten salt energy storage mode for STPV power generation, and the
related solar absorber and emitter are designed to achieve a system ef-
ficiency of 29% under medium temperature conditions. The problem of
this technical route is the limited storage temperature, which limits the
STPV efficiency. Another important technical route is the complemen-
tation of solar energy and fuel. This way could effectively improve the
quality of solar energy since the fuel combustion has high temperature.
Besides, Biomass fuel is an important renewable energy which is alter-
native to fossil fuels. The complementary of biomass fuels and solar en-
ergy can realize the clean energy production and conversion, which is of
great significance to achieve carbon neutrality. There are many similar
studies on thermal power cycle. Su et al. (2018) designed a solar-biogas
assisted combined cooling heat and power system and found that there is
economic advantage due to synthetic use of biogas and solar energy.
Karapekmez et al. (2020) evaluated the effect of different biomass fuels
on the performance of biomass-solar assisted power plant. The results
show that the using of biomass could maintain considerable system ef-
ficiency and reduce the CO2 emission effectively.

Therefore, it can be determined that the combination of biomass
combustion and solar energy for TPV has a distinct application value. For
TPV technology, most studies use gaseous fuels as power. For example, Li
et al. (2009) proposed to use porous media as the heat source for
micro-combustion TPV and use H2 as fuel. Bani et al. (2018) further
conducted experiments and numerical simulations for similar devices.
Kang et al. (2017) used methane as the fuel, and experimentally verified
that the use of selective filters could improve the performance of TPV
with SiC emitter. The experimental study by Peng et al. (2020) demon-
strated that H2/C3H8/Air premixed combustion can be used for
2

micro-TPV, which can enhance flame stability and heat transfer perfor-
mance. Based on fuel-driven TPV system, Shan et al. (2019a) proposed to
use natural gas for oxy-fuel TPV system and use Brayton-Rankine com-
bined cycle to form a combined system. On this basis, a cascade TPV
system based on oxy-fuel combustion is proposed (Shan et al., 2019b).
These designs are found to be effective in improving efficiency through
optimization analysis. However, there are currently few TPV studies
using biomass as fuel. Mustafa et al. (2015, 2016) innovatively used
kerosene and vegetable cooking oil blend as fuel to conduct experimental
research on TPV power generation. It can be seen that although much
research on STPV and fuel-driven TPV has been done, there is few studies
about solar-biomass assisted TPV system. It can be determined that the
complement of solar energy and biomass fuel can achieve fully renewable
energy-driven TPV, in line with the strategic goal of carbon neutrality. It
has the advantages of increasing air preheating temperature, saving
biomass fuel; overcoming solar instability; and improving solar energy
conversion efficiency. Thus, it is necessary to start relevant fundamental
research.

Against the above background, the reported studies mainly aimed at
solar TPV or fuel-driven TPV. There is no report on the TPV driven by
both solar energy and biomass fuel. Therefore, this work proposes a novel
solar-biomass assisted TPV system and conducts parametrical analysis,
which is innovative meaningful. The innovative work is as follows: (1) A
new solar-biomass assisted TPV device is proposed, which achieves
renewable energy driven and overcomes the disadvantage of solar
instability. (2) A thermal-balance model is constructed for parametrical
analysis of the new system. (3) The synergistic effects of key parameters
on TPV system are investigated and the annual performance is analyzed
to show system superiority. Based on the results, some recommendations
for practical application are summarized.

2. Models and methods

2.1. Solar-biomass assisted TPV system

The concept of solar-biomass assisted TPV system is shown as sche-
matic diagram in Fig. 1. It consists of solar collector system, biomass
feeding device, combustion chamber, emitter, filter, and TPV cell. The air
is heated by the concentrate solar radiation through solar collector sys-
tem, and then enters the combustion chamber to assist the combustion of



Fig. 1. Schematic diagram of solar-biomass assisted TPV system.

Table 1
Ultimate analysis of different biomass fuels.

C (%) H (%) O (%) N (%) Ash (%) LHV (kJ/kg)

Pine wood 49.3 6.0 44.4 <0.01 0.3 18681
Rice husk 41.0 5.9 35.9 0.4 18.9 14800
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biomass fuel. The biomass is supplied to the combustion chamber by the
feeding device. The emitter is set on the outer wall of the combustion
chamber, which could generate radiative energy Prad. Furthermore, the
filter between emitter and PV cell could make the short-wavelength
radiative energy Pflt pass, which matches the band gap of the PV cell.
Besides, the long-waveband radiative energy Pback returns to the emitter
to maintain its temperature, which could improve system efficiency. This
TPV system uses biomass fuel and solar energy as dual heat source, and
the high-temperature flue gas from the combustion chamber could enter
the heat exchanger for further utilization.

2.2. Solar energy input model

In Fig. 1, solar collector system includes concentrator and receiver.
Solar radiation is concentrated first and then absorbed by the receiver,
which converts the solar energy into the thermal energy of input air. The
thermal-balance equations of air preheating process of solar collector
system are shown in Eqs (1)–(3). This study mainly considers the radi-
ation heat transfer since it is the main form of heat transfer.

Pab ¼Psolαρ� εS1σ
�
Ta

4 �T0
4
�

(1)

Pab _¼ mairðhair � h0Þ ¼ _mair

ðTair
T0

CpðairÞdT (2)

Psol ¼CGS1 (3)

In equations, Psol is the input solar power, Pab is the absorbed power, and
their unit is W.G is the unit solar radiation, and its value is set as 1000W/
m2. C is concentrated ratio and S1 is the absorber area, m2. Ta, T0 are the
absorber surface temperature and ambient temperature, K. α is absorp-
tance of the absorber, ε is the emissivity of the absorber, ρ is the reflec-
tance of the concentrator, and is set as 0.9. These all constitute the optical
loss of the solar collecting system. The heat transfer coefficient Ec be-
tween the working fluid and the surface of solar absorber can be
expressed by Eq. (4).

Ec ¼ Tair � T0

Ta � T0
(4)

It should be noted here that the established absorber model mainly
reflects the basic physical laws. For the lower concentration ratio (below
3

100) the parabolic trough collector can be used, while the dish collector
can be used for higher concentration ratio. Due to the large concentration
range of the dish concentrator, a high-efficiency heat exchanger can be
configured on it to achieve air preheating, so the practical application of
the system can give priority to the dish collector.
2.3. Fuel and combustion model

In this study, the fuel input is typical biomass fuel and the input power
is set as 10 kW. Here, Ca/12Hb/1Oc/16Nd/14 is used to represent 1 mol of
dry fuel and a, b, c and d is the amount of each element in mass per-
centage. The air is used as a combustion-supporting gas. The chemical
reaction of combustion is:

Ca=12Hb=1Oc=16Nd=14 þ fH2Oþ kðO2 þ 3:76N2Þ→ x1CO2 þ x2H2Oþ x3N2 þ x4O2

þ Ash

(5)

where, the coefficient f represents the moles of water per mole of dry
fuel, k is exceeding air ratio and is set to 1.1 in this study (Shan et al.,
2019b). It is assumed that ashes heat capacity for any kind of biomass
was 0.77 kJ/(kg⋅K) according to the reference (Durante et al., 2017).
The sulphur in the considered biomasses is less than 0.1%, and thus it is
not considered in computation (Durante et al., 2017). Numerical com-
putations are performed for different biomasses, always considering an
input power of 10 kW and 25% moisture on dry basis (mass content).
Moreover, two biomass fuels of pine wood and rice husk are considered
in this study and their ultimate analysis is presented in Table 1 (Durante
et al., 2017). It is mainly because the two biomass fuels are widespread
in China. In fact, the calorific value of biomass fuel is close to that of
lignite, and its water content of 25% is close to that of high-volatile
lignite (Shan et al., 2020a). The calculation method of flue gas
enthalpy and adiabatic temperature of combustion is based on literature
(Turns et al., 2011).
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The thermal-balance calculation of the TPV system is consistent with
our previous research (Shan et al., 2019b); thus, only a brief introduction
is given here. According to the energy conservation, there are:

Pin ¼Pfuel þ Psol (6)

where fuel input energy is:

Pin ¼ _mfuelLHV (7)

The ratio r of solar energy to fuel input can be expressed by the
following equation:

r¼ Psol

Pfuel
(8)

Here the input solar energy refers to the Psol projected into the concen-
trator system, represented by Eq. (3). The adiabatic flame temperature
can be expressed by Eq. (9), and the enthalpy of combustion flue gas is
defined according to the reference (Turns et al., 2011).

_mcp

�
haf � h0

�¼ _mcp

ðTaf

T0

CpðcpÞdt¼Pfuel þ Pab (9)

The thermal balance between the high-temperature flue gas inside the
combustion chamber and the emitter radiation is shown below and it is
considered that the combustion chamber wall temperature Tw is
approximately the same as the emitter wall temperature Tem.

Pflt ¼ εsysσ
�
Tg

4 �Tw
4
�
S2 þ h

�
Tg � Tw

�
S2 (10)

Pflt ¼ _mcp

ðTaf
Tout

CpðcpÞdT (11)

Tw ¼Tem (12)

where h is the convective heat transfer coefficient between flue gas and
the wall and is set as 180 W/m2 K to make the model more in line with
the actual physical process (Shan et al., 2019b).

In addition, the radiative energy passing through the filter can be
defined as follows:

Pflt ¼ S2

ðλc

0
εemðλÞEbðλ;TemÞdλ (13)

The emissivity εem of the emitter is set to 0.9, and λc is the cut-off
wavelength of the filter corresponding to the PV cell. The calculations
of system emissivity εsys and flame gas temperature Tg are shown in
Appendix. According to the constructed model, Tout is assumed and the
iteration is conducted then to obtained Tem, Tg, Prad and Pflt. The power
generation Pel could further be obtained through Prad; the thermal bal-
ance iteration flow chart of the TPV system is similar to our previous
paper (Shan et al., 2019b), which is implemented by Fortran code and we
also attached it in Appendix.

Moreover, the spectral radiation efficiency is defined to evaluate the
radiative energy proportion generated by the emitter.

ηflt ¼
Pflt

Psol þ Pfuel
(14)

2.4. TPV cell model

In this study, two photovoltaic cells, Si and GaSb (Shoaei et al., 2016),
with band gaps of 1.1 eV and 0.72 eV are investigated respectively.
Therefore, the cut-off wavelengths of the filter corresponding to these
two photovoltaic cells were 1.1 μm and 1.8 μm, respectively. In this
study, the TPV cell is completely parallel to the emitter, so the area of the
cell is the same as that of the emitter, namely S2. The TPV cell model is
based on Shan et al. (2019b).
4

The output power Pel of the photovoltaic cell can be defined as:

Pel ¼Voc ⋅ FF ⋅ Jsc (15)

The short-circuit current Jsc is calculated according to Eq. (16):

Jsc ¼ S2

ðλc
λ0

q0λ
hc

EQEðλÞεemðλÞEbðλ;TemÞdλ (16)

where EQE is the external quantum efficiency, q0 is the elementary
charge, h is the Planck constant, and c is the speed of light.

The open circuit voltage can be calculated as follows:

Voc ¼ΓkTc

q0
ln
�
Jsc
J0

þ 1
�

(17)

where k is the Boltzmann constant; Г is the diode ideality factor,
which takes the value of 1 in this study; Tc is the surface temperature
of the PV cell (constant 300 K); J0 is the diode saturation current of
the PV cell, which can be calculated using the following empirical
equation.

J0 ¼ 1:5� 105 exp
��Eg

kTc

�
(18)

The filling factor is calculated using the following equation, and the
correction factor β is taken to be 0.96.

FF¼ β
ν� lnðνþ 0:71Þ

νþ 1
(19)

where ν is the normalized open-circuit voltage, which can be defined as
follows:

ν¼ q0
kTc

Voc (20)

The photovoltaic cell efficiency ηcell is defined as follows:

ηcell ¼
Pel

Pflt
(21)

2.5. System efficiency

According to the models, the power generation efficiency of the sys-
tem is defined as follows:

ηsys ¼
Pel

Psol þ Pfuel
(22)

In this paper, in order to investigate the energy-saving effect of the solar-
fuel assisted TPV system, the efficiency ηsys,n of the TPV system using fuel
alone (non-complementary) is specially calculated. The fuel consumption
Pfuel,n of the non-complementary TPV system can be calculated from ηsys,n
and the electric energy produced Pel under specific operating conditions;
therefore, the energy saving rate of the solar-fuel assisted TPV system is
defined as follows:

θegy ¼
Pfuel;n �

�
Psol þ Pfuel

�
Pfuel;n

(23)

Moreover, the fuel saving rate of a solar-fuel assisted TPV system is
defined as follows:

θfuel ¼Pfuel;n � Pfuel

Pfuel;n
(24)

In this paper, the energy saving effect of the system can be evaluated
by θegy and θfuel. Based on the above-mentioned physical models, the
Fortran code is used for programming in this study and the whole
simulation flow chart is shown in Appendix.
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It should be noted that the TPV model, combustion chamber model
and solar concentrating system model used in this paper were all estab-
lished based on the previous research and experimental results. Based on
the radiation calculation theory of solid fuel boilers, this paper innova-
tively established a thermal-balance model for biomass fuel combustion.
Based on these key physical models, a thermophysical analysis model of
the solar-biomass assisted TPV system is established for performance
analysis. Therefore, previous related researches (Shan et al., 2019b, Shan
et al., 2020b) just illustrate the effectiveness of these sub-models,
providing support for this study. In addition, this paper mainly focuses
on the macro law and coupling effects of key parameters on the system,
so the range of investigating parameter is wide. In this study, the influ-
ence of a series of parameters including concentration ratio is mainly
considered. Some main concerned parameters of the system are listed in
Table 2.

3. Results and discussion

3.1. Effect of biomass fuel and PV cell

At first, we investigate two biomass fuels of pine wood (Fuel-1) and
rice husk (Fuel-2), two PV cells of Si and GaSb, with air condition of 21%
O2/N2, to select the representative case for this study. Here, the basic case
is set as follows: the absorptance α is 0.85, emittance of absorber εa is 0.2,
and the heat transfer coefficient Ec is 0.8. At first, three key cases for
different concentration ratio, receiver area and emitter area is used to
investigate the effect of biomass fuel and PV cell based on preliminary
calculations: (1) C ¼ 400, S1 ¼ 0.02 m2, S2 ¼ 0.3 m2; (2) C ¼ 500,
S1 ¼ 0.025 m2, S2 ¼ 0.35 m2; (3) C ¼ 600, S1 ¼ 0.03 m2, S2 ¼ 0.4 m2.
Moreover, the control variable comparison method is used here. The case
of Si cell matching Fuel-1 is used as the basic reference condition. A more
representative fuel is determined by comparing it with the case of Si cell
matching Fuel-2; and a more representative PV cell is determined by
comparing it with the case of GaSb cell matching Fuel-1.

Fig. 2 shows that under typical cases, the electrical efficiency of TPV
system ηsys for pine wood is higher than that for rice husk; this is mainly
due to the higher emitter temperature Tem for pine wood fuel as shown in
Fig. 2(b). The higher Tem causes much more spectral radiation shifts to
short-wavelength direction; therefore, the spectral efficiency ηflt is higher
for pine wood as shown in Fig. 2(c). Moreover, the cell efficiency ηcell are
similar for different fuels. Fig. 2 also shows that ηsys of TPV systemwith Si
cell is about 4~5 percentage points higher than that of GaSb cell. For this
result, it should be noted that the filter for Si cell has shorter cut-off
wavelength. Thus, there is more spectral radiation not suitable for cell
returned to the combustion chamber by the filter for the TPV device with
Si cell, and the Pflt is less. This maintains the emitter temperature Tem. As
shown in Fig. 2(b), the Tem of TPV device using Si cell is always higher
than that using GaSb cell under three cases. The high-temperature con-
dition makes the spectrum peak shift to the short wavelength direction;
this is the reason for the higher efficiency of Si cells. As shown in
Fig. 2(d), the efficiency of Si cells is about 13 percentage points higher
than that of GaSb cells. Therefore, even under the conditions of low ηflt
Table 2
Main concerned parameters in the system.

Parameters Symbol Unit

Concentration ratio C
Heat exchanger efficiency Ec
Absorber surface area S1 m2

Emitter or PVcell area S2 m2

Absorptance of absorber α
Emittance of absorber ε
Temperature of absorber Ta K
Temperature of emitter Tem K
solar-to-fuel input ratio r
System efficiency ηsys %
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(Fig. 2(c)), the ηsys of TPV systems using Si cells is higher than that using
GaSb cells. Since the Si cell has lower cost, it is more suitable for solar-
fuel assisted TPV system. Based on these results, the following analysis
will focus on pine wood fuel and Si cell.
3.2. Effect of concentrate ratio

This section mainly investigated the influence of solar concentration
ratio. Fig. 3 shows the effect of the concentration ratio on the air pre-
heating temperature Tair under basic cases (α ¼ 0.85, εa ¼ 0.2, Ec ¼ 0.8,
S2 ¼ 0.4 m2) with different absorber areas S1, the Si cell case is selected.
Fig. 3(a) shows that when the absorber area S1 is 0.01 m2 and 0.02 m2,
with the continuous increase of the concentration ratio, the system Pel
increases almost linearly, which increases by 3.4 kW and 6.74 kW, and
the power density increased by 8.51 kW/m2 and 16.86 kW/m2, respec-
tively. When C is 1000 and 600, the power density of the combined
system can be increased by 18.72 kW/m2 and 11.30 kW/m2, respectively
compared to the only biomass combustion condition (5.35 kW/m2).
Moreover, the ηsys of TPV system increased by 6 and 5.7 percent points,
respectively. The increase of the concentration ratio causes the increase
of the emitter temperature, which improves ηcell of the photovoltaic cell.
Thus, the TPV system efficiency increases. It can be seen from Fig. 3(a)
that when C is greater than 500, the increasing trend of ηsys slows down.
This is because Psol_in increases greatly with the concentration ratio C. At
the same time, the increase trend of ηcell versus C is reduced as shown in
Fig. 3(b), which also directly affects the system efficiency trend versus C
as in Fig. 3(a). It can be seen that when the concentration ratio is 600, the
growth rates of the ηsys and ηcell begin to decrease significantly. There-
fore, it is no need to select an excessively large emitter area and con-
centration ratio. In addition, it should be noted that when designing the
concentration ratio and the absorber area of solar-biomass assisted TPV
system in practical engineering, special attention should also be paid to
the upper limit of the air preheating temperature, otherwise the pipeline
will be damaged by the working fluid (Quero et al., 2014). If the pre-
heating temperature is higher, some safety hazards during the combus-
tion process may also arise. To sum up, the concentrating ratio suitable
for this system can be selected between 400 and 500, and the absorber
area can be selected as 0.02 m2.

In this section, we further investigate the effect of the absorptance α
and heat transfer coefficient Ec of the solar absorber on the system per-
formance under different concentration ratio. The basic case is set as
S1 ¼ 0.02 m2, S2 ¼ 0.4 m2. It can be seen from Fig. 4 that when the
absorption rate α changes from 0.6 to 0.9, the air preheating temperature
increases from 525.6 K to 635.2 K (a variation of about 110 K) for
C ¼ 600, and the system efficiency increases from 24.2% to 31.5%,
showing an obvious trend. Moreover, the air preheating temperature
increases from 375.9 K to 413.6 K (a variation of about 40 K) for C¼ 200,
and the system efficiency increases from 22.8% to 26.6%. It shows that
increasing the optical absorptance can greatly improve the performance
of the absorber, and the larger the concentration ratio, the more signif-
icant the impact of the absorptance parameter on the system perfor-
mance. On the other hand, as can be seen from Fig. 5, when α is set to
0.75, the Tair increases from 579.5 K to 581.3 K (a variation of about 3 K)
for C ¼ 600 with the increase of Ec from 0.6 to 1, while the system ef-
ficiency increases from 27.8% to 27.9%, showing a slight change. Be-
sides, the Tair increases from 394.6 K to 394.8 K (a variation of about 1 K)
for C ¼ 200 with the increase of Ec from 0.6 to 1, while the system ef-
ficiency is about 24.73%with a little change less than 0.1%. It shows that
the heat transfer coefficient of the absorber has little influence on the
performance under thermal-balance condition regardless of any con-
centration ratio. Therefore, it can be concluded that for solar absorber, it
is more significant to improve the absorptance α than to optimize the
heat exchanger efficiency Ec. In recent years, selective coating absorbing
materials can achieve a high absorptance more than 90% (Li et al., 2015),
which should be investigated in the future.
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Fig. 2. Effect of different biomass and PV cell on system: (a) TPV efficiency; (b) emitter temperature; (c) spectral radiation efficiency; (d) cell efficiency.
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Fig. 3. Effect of the concentration ratio on the power generation performance under different absorber areas: (a) the PV cell output power and system efficiency; (b)
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Fig. 4. Effects of radiation absorptance of solar absorber on system performance: (a) preheated air temperature Tair; (b) system efficiency ηsys.
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Fig. 5. Effects of heat transfer coefficient of solar absorber on system performance: (a) preheated air temperature Tair; (b) system efficiency ηsys.
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Fig. 6. Effect of emitter areas on solar-fuel assisted TPV system: (a) output power and emitter temperature; (b) system efficiency and cell efficiency.
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3.3. Effect of emitter area

In the solar-biomass assisted TPV system, the determination of the
emitter area S2 is also particularly important. This is because S2 de-
termines thermal radiation from the emitter, which directly affects the
performance such as the output power and system efficiency. Fig. 6 re-
flects the effect of emitter area (C¼ 600, S1¼ 0.02 m2). Here, the emitter
area is the independent variable. It can be seen from Fig. 6(a) that as the
S2 increases from 0.1 m2 to 0.5 m2, the output power increases from
5.0 kW to 6.81 kW. This indicates that the radiative power is proportional
to the emitter area. In addition, it also shows that the Tem gradually
decreases from 2059 to 1763 K, which is due to the thermal-balance
calculation results after the area increases. Due to the decrease in tem-
perature, the output power increases faster first and then slower, showing
a similar trend. It should be noted that Fig. 6(a) shows that when S2
reaches 0.4 m2 or more, the emitter temperature is about 1700~1800 K.
In this study, since both solar energy and biomass combustion is used for
input, which forms a preheating process, theoretically higher combustion
temperatures can be achieved. In previous literatures (Chen et al., 2021;
Collazo et al., 2012) the maximum temperature of the biomass com-
bustion furnace can reach more than 1700 K, which shows that it is more
reasonable to choose a larger emitter area S2 of more than 0.4 m2. Be-
sides, Fig. 6(b) indicates that the ηsys increases from the initial 22.7%
~31% with the emitter area, showing a trend of increase fast first and
slow then. It can be found that this is consistent with the power results in
Fig. 6(a). This is mainly due to the dual effects of emitter area and
temperature. In addition, the cell efficiency shows a decrease trend from
7

about 46.8% to 46.4%, which is mainly due to the decrease in Tem. It
should be noted that ηcell here refers to cell efficiency, and the results are
similar to the data reported by Qiu et al. (2006). As a parameter analysis
result, Fig. 6 shows the relationship between emitter area and system
efficiency, and a larger emitter area has practical significance. In addi-
tion, the larger the emitter area, the less obvious the improvement of
system efficiency due to the reduction of Tem. Therefore, it is not possible
to blindly increase the emitter area to increase the output power and
system efficiency of the photovoltaic cell in practical applications.

3.4. Energy-saving effect with solar and fuel complementary

The energy-saving effect of the solar-biomass assisted TPV system is
also investigated in this study for the basic case (S1 ¼ 0.02 m2 and
S2 ¼ 0.4 m2). Fig. 7(a) shows that as the ratio of solar energy to biomass
fuel input r increases from 0 to 2, ηsys increases from 24.1% to 32.1%with
an increase of about 8 percentage points. It should be noted here that the
data of r ¼ 0 in Fig. 7(a) means that there is no solar energy input.
Through calculating the biomass-driven TPV model, the system effi-
ciency is 21.4%. Therefore, it can be seen from Fig. 7(a) that any solar-
biomass assisted case has higher efficiency than the only biomass-
driven case. This parametric study mainly considers the basic law in a
wide range of r from 0 to 2, including the combustion of biomass fuel
alone and the large-scale complementation of solar energy. Therefore,
this indicates that the addition of solar energy could improve the energy
conversion efficiency, which is mainly because the introduction of solar
energy increases the preheating temperature Tair, which increases the
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Fig. 7. Effect of solar-to-fuel input ratio on the system performance: (a) system efficiency; (b) energy and fuel savings characteristics.

Table 3
Annual performance results of solar-fuel assisted TPV system.

Annual
performance

Fuel
input
(kWh)

Fuel input of
non-assisted
system (kWh)

Solar-to-fuel
input ratio

Power
generation
efficiency

Fuel
saving
rate

Value 43810 105261.7 0.7970 28.61% 58.38%
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combustion temperature Tg, thereby increasing the emitter temperature
Tem and improving the TPV system efficiency. Moreover, when the ratio r
is greater than 1, the increase rate of the system efficiency slows down.
Fig. 7(b) shows that when the input ratio r increases from 0.2 to 2, the
energy-saving rate θegy of the system increases from 11.07% to 33.34%,
which is the result of the increase in system efficiency. The fuel-saving
rate θfuel increases from 25.89% to 77.78%, which results from the
dual effect of the system efficiency increase and the solar energy com-
plementary. This fully indicates the advantages of introducing solar en-
ergy into biomass-driven TPV. However, if too much solar radiation is
introduced to preheat the air, it will also bring higher costs and safety
hazards to the system, so the ratio of solar energy to fuel input can be
controlled at about 1, which also meets the definition of a solar-biomass
assisted TPV system.
3.5. Annual performance results

The solar radiation calculation model reported by Gholamalizadeh
et al. (2017) is used in this study, and the latitude and longitude of
Hangzhou, China are taken as an example. The efficiency and energy
saving performance in a typical day of each month are calculated. Here,
the basic case (C ¼ 600, S1 ¼ 0.02, S2 ¼ 0.4 m2, Pin ¼ 10 kW) is selected.
Here, we only count data in solar irradiation time. The model in this
study draws on the dual-axis tracking system, which can capture the solar
energy to the greatest extent, so the absolute difference among the daily
irradiance is not large (Gholamalizadeh et al., 2017). Fig. 8 shows the
Fig. 8. System electrical efficiency and fuel saving rate in a typical day of
each month.
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power generation efficiency ηel and fuel saving rate θfuel of system for
typical days in each month. It can be seen that, the ηel of system is around
28~29%, which is higher in summer than in winter. This is mainly
because the irradiance obtained by the system is smaller in winter, so the
solar-to-fuel input ratio r is lower (about 0.48), while the r in summer is
about 0.59. According to the analysis of this paper, the large r achieves
the increase of flame temperature of TPV system, thereby improving the
system efficiency. Further, the system overall performance within one
year is calculated and the results are shown in Table 3. It can be seen that
if the non-assisted system is used, the annual fuel consumption is about
60,000 kWh, and the annual fuel saving of the assisted system achieves
58.38%. The annual electrical efficiency of the system reaches 28.61%,
which is about 6 percentage points higher than the non-assisted system
(21.40%). Therefore, the new system has practical potential and can
produce considerable benefits.
3.6. Application prospect analysis

The thermo-photovoltaic device has the advantages of small size, no
rotating parts, direct current generation, high efficiency, easy for waste
heat recovery and so on. Therefore, the future application of the solar-
biomass assisted TPV conversion system proposed in this paper will
mainly consider the following scenarios.

(1) Distributed energy cogeneration supply, which can be applied to
the combined heating and power supply of buildings and factories.
In addition, it is especially suitable for the borderland and remote
area, plateau section and other areas where the grid power supply
is lacking, where solar energy and biomass resources are rich, and
cogeneration can be carried out in small areas.

(2) TheTPV systemhashigh efficiency and good integration, so it canbe
combined with thermal power cycles such as Rankine cycle and
Brayton cycle, which can be used for distributed thermal power
generation.

(3) The complementation between solar energy and biomass can be
flexible. Future application can consider solar-driven biomass gasi-
fication for generationof gas fuel,which is thenused forTPV system.
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4. Conclusions

This study innovatively proposes a design concept of solar-biomass
assisted TPV system for the aim of carbon neutral, and the effect of
some parameters on the system performance is analyzed. This study
provides a reference for the design of STPV, and its main conclusions are
as follows.

(1) The system performance is better when pine wood fuel and Si cell
is used. The electrical efficiency is around 4~5 percentage points
higher than that of GaSb cell. This is because the emitter tem-
perature after thermal balance is higher for Si cell and pine wood
fuel. In addition, since Si cell has lower cost, it has practical value
in application.

(2) With the increase of solar concentration ratio, the output power
density can increase by nearly 16 kW/m2 and the electrical effi-
ciency of the TPV system can increase by nearly 6 percent points
for the system with Si cell. Considering the economic cost and
system safety, the concentrating ratio suitable for solar-fuel
assisted TPV system can be selected to be around 500~600; the
solar absorber area should not be too large to ensure a reasonable
solar-to-fuel input ratio.

(3) When the absorptance α of the solar absorber increases from 0.6
to 0.9, the system efficiency can be increase by about 7 per-
centage points, and the increase effect is more obvious.
Compared with the heat exchanger efficiency Ec, it is more sig-
nificant to improve the absorptance of solar absorber in system
optimization.
9

(4) The emitter area of TPV is the main factor affecting the output
power and efficiency of the system. At the same time, as the
emitter area increases, the emitter temperature decreases based
on thermal balance, so the increasing rate of the output power
decreases gradually. Therefore, in the solar-fuel assisted TPV
system, the selection of emitter area is not as large as possible.

(5) The solar-fuel assisted TPV system has a significant energy-saving
effect. When the solar-to-fuel input ratio increases from 0.2 to 2,
the system energy-saving ratio increases from 11.07% to 33.34%.
At the same time, the system biomass fuel-saving ratio increases
from 25.89% to 77.78%. The solar-biomass assisted TPV system
can achieve an annual fuel saving efficiency of 50.82%. The ratio
of solar energy to biomass fuel input should be controlled at about
1 since the introduction of too much solar radiation to preheat the
air will also bring safety hazards to the system.
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Appendix

(1) Supplementary for the model of combustion chamber

The appendix mainly gives more introduction on the combustion chamber calculation. In Eq. (10), the system emissivity εsys could calculated by:

εsys ¼ 1
1
εf
þ 1

εw
� 1

(A1)

where the flame emissivity εf is the combination of gas radiation and particle radiation (Rong et al., 1997). Its expression is as follows:

εf ¼ 1� e�κps (A2)

In Eq. (A2), s is the path-length: s ¼ 3.6 V/F, V is furnace volume and F is furnace area; p is pressure and set to 0.1 MPa; κ is the absorption coefficient of
flame radiation (Rong et al., 1997). For solid fuels combustion, both gas and particle radiations need to be considered.

κ¼ κgrg þ κahμah þ κcx1x2 (A3)

where κg is the gas extinction coefficient; it is calculated by theWSGGmodel (Shan et al., 2017) and itsWSGGmodel parameters in Shan et al. (2018) are
used in this study. The parameter selection for Eq. (A3) can refer to Shan et al. (2020a) and Rong et al. (1997). rg is gas volume fraction; κah is the fly ash

extinction coefficient which could be estimated by κah ¼ 55900=
ffiffiffiffiffiffiffiffiffiffiffi
T2
g d

2
h

3
q

, and dah is ash particle diameter and is set as 13 μm; μah is fly ash concentration;

κc is the char extinction coefficient and is set as 10 (m⋅MPa)�1; x1 ¼ 0.5 for biomass solid fuel; x2 ¼ 0.1 for pulverized fuel furnace.
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Fig. A1. Flow chart of thermal-balance calculation for solar-fuel assisted TPV device.
In addition, the calculation of flame temperature could refer to Shan et al. (2019b) and Zhang et al. (2016). The relationship between the average
furnace gas temperature Tfla and the outlet flue gas temperature TF2 can be expressed as follows:

T4
g ¼RT4

out (A3)

where the relationship between the coefficient R and the adiabatic flame temperature Ta is according to Zhang et al. (2016):

R¼ 3�
Tout

�
Taf

�3þ�
Tout

�
Taf

�2 þ Tout

.
Taf

(A4)

The flow chart for thermal-balance calculation of solar-biomass assisted TPV is shown in Fig. A1.

(2) Model Validation

We first verify the solar absorber model in this study. The absorption efficiency is compared with several typical absorbers that have been published.
The absorption efficiency calculation refers to Shan et al. (2022b). When C ¼ 600, the absorption efficiency of the absorber in this paper is 85%, while
that of the absorber reported in Rinnerbauer et al. (2014) is 82.73% (Ta photonic crystal), and is 89.90% (W/WAlN/WAlON/Al2O3) in the study of Dan
et al. (2019). The solar absorber results are similar to that published in the existing references. Because this study is about model performance analysis,
such a parameter setting is also reasonable.

It should be noted that when calculating the absorption performance of the solar absorber via Eq. (1), the thermal balance of radiation heat transfer is
mainly considered. The purpose is to simplify the model and highlight the key laws. This study considers the higher concentration, so the absorption
efficiency is high (over 80%), and the effect of convective heat transfer is theoretically low. The thermal efficiency of the absorber can be written as
follows:

ηab ¼
�
Psolαρ� εS1σ

�
Ta

4 � T0
4
�	 � ðPsolρÞ (A5)

If convective heat transfer is considered, the thermal efficiency of the absorber can be written as follows:

ηab ¼
�
Psolαρ� εS1σ

�
Ta

4 � T0
4
�� hðTa � T0Þ

	 � ðPsolρÞ (A6)
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According to the heat transfer book (Bergman et al., 2011), the air convective heat transfer coefficient h can be taken as 5 W/m2⋅K. when C is 600,
the thermal efficiency of the absorber at different temperatures is calculated, as shown in Fig. A2. It can be seen that under practical temperature
conditions, whether convective loss is considered will have minimal impact on system performance (no more than 0.5%). Therefore, it shows that using
the radiation heat transfer model in Eq. (1) can complete this study to analyze the system law.

Furthermore, the fuel-driven TPV model is verified. Here, a porous medium TPV combustor with a wall length of 20 mm and a diameter of 8 mm
designed by Peng et al. (2020) is used for investigated. In their study, premixed H2/C3H8/air flow is input and the selected equivalence ratio of fuel/air
is 1.0. Therefore, it is regarded as a cylindrical burner, the average temperature of the emitter T2 and the average temperature of the combustion flame
Tg are calculated through the thermal-balance model of this paper. The results show that the calculated T2 is 978.8 K, which is in the range of the
experimental results between 908.7 K and 1085.4 K. Moreover, the calculated Tg is 1101.2 K and it is slightly higher than the experimental wall
temperature, which conforms to the actual physical process. Thus, the verification results indicate that the thermal-balance model is valuable for
reference.

T

Fig. A2. Calculated thermal efficiency of absorber at different temperatures.
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