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ARTICLE INFO ABSTRACT

Handling Editor: Jin-Kuk Kim In this article, a finite-time thermodynamic model of solar-driven two-stage multi-element thermoelectric
generator is developed. Considering external heat transfers, radiation loss of collector, Joule heat and Fourier

Keywords: heat leakage, analytical formulas for heat balance equations, power and efficiency are derived. Working tem-

Finite-time thermodynamics peratures of thermoelectric device are obtained by solving four equations simultaneously, and basic performance

Solar-driven thermoelectric device

) of the system is explored. Performance optimization is executed by adjusting electrical current, thermoelectric
Two-stage thermoelectric generator

Optimal performance element distribution and heat exchanger inventory distribution. The optimal allocations for different total

Power thermoelectric element numbers are given by the enumeration method. Influences of various factors on maximal

Efficiency power and efficiency are analyzed, and the upper bounds of power and efficiency are given. Results show that an
optimal collector temperature exists to achieve optimal performance for this solar power device. Power and
efficiency show the same variation trend, and the efficiency is maximal when power reaches its maximum. The
system performance is optimal when external heat transfers and inner structure parameters are optimal. At this
time, the corresponding junction temperatures reach their optimal values, the total thermal conductance should
be divided in a half to two heat exchangers, and the corresponding thermoelectric element is allocated nearly
half to upper generator.

improvement of structure and energy conversion efficiency can be
guided (Shittu et al., 2020). This paper will study TEG devices from the
second aspect, and propose a new architecture for TEG device further.

In the early stage, the performance analyses of thermoelectric de-
vices were mainly carried out by non-equilibrium thermodynamics
(NET). The heat-reservoir temperatures were generally regarded as the
junction temperatures of TEG when explored the heat flow conversion,
and the external heat resistances were ignored. For example, Ranjbar
et al. (2021) studied a hybrid device performance consisting of a
silence and long life in operation. With the improvement of TEG effi- thermionic generator and TEG. Cai et al. (2023) established a TEG model
ciency and reduction of the manufacturing cost of semiconductor ma- driven by hot exhaust gas from truck exhaust pipes, and obtained
terials, TEG has been widely applied in military, medical, satellite maximal power by optimizing the size of thermoelectric element. Some
vehicles and other fields (He et al., 2015; Tohidi et al., 2022). At present, scholars have also studied the performance of TEG devices with ANSYS
there are two main directions in the research of thermoelectric devices. software. Aranguren et al. (2017) proposed a TEG device placed on high
On the one hand, it focuses on the discovery and improvement of new chimney walls for waste heat recovery, and investigated the relation
thermoelectric materials, which belongs to the category of materials between flue gas temperature loss and power generation performance.

science (Patil et al., 2018); on another hand, is to study the thermody- Selimefendigil and Oztop (2020) established a TEG model mounted
namic performance based on different TEG devices, so that the

1. Introduction

Thermoelectric generator (TEG) is a new power generating system
that can convert heat to electrical current directly by using thermo-
electric couple as working element. Unlike traditional cylindrical
rotating generators, TEG devices are simple in structure and have no
moving parts. Therefore, they have the characteristics of stability,
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Nomenclature
A Area of receiver, m?>C Concentration ratio
G Solar insolation, W/m?I Electrical current, AK Thermal

conductance, W/KKr Total heat exchanger inventory,
W/KM Total thermoelectric element number

m Thermoelectric element number of upper
thermoelectric generator

n Thermoelectric element number of bottom
thermoelectric generator

p Output power, WQ Heat flux, WR Electrical resistance,
QT Temperature, Kx Heat exchanger inventory ratio

Greek symbols

a Seebeck coefficient, V/K

c Stefan-Boltzmann constant, W/(m? -K*)

€ Emissivity of receiver

Nop Optical efficiency of concentrator

n Efficiency of system

AT Temperature difference, K

Abbreviations

FTT NET Finite-time thermodynamics Non-equilibrium
thermodynamics

TEG Thermoelectric generator

TER Thermoelectric refrigerator

TEHP Thermoelectric heat pump

between two water channels with rotating cylinders, and studied the
effects of the size and number of rotating cylinders on power. Chen et al.
(2022a) built a TEG model coupled with square vehicle exhaust chan-
nels, and studied the effects of leg height on thermal stress and output
power. They established 3D models to study the internal heat transfers
of thermoelectric modules or the effects of fluid flow in external chan-
nels, so as to improve system performances. However, these efforts
focused on optimizing the geometry dimension of thermoelectric mod-
ules, but neglected the study of external heat transfers. Therefore, these
works belonged to the research content of NET from thermodynamics
and heat transfer standpoints. Meanwhile, Refs (Mirhosseini et al., 2019;
Karana and Sahoo, 2021; Ebrahimi et al., 2022; Yuan et al., 2023). also
performed NET analyses and optimizations for various single-stage
TEGs.

In fact, TEG can’t generate electricity independently, it must connect
with heat exchangers to gain and dissipate heat, so the external heat
resistance shouldn’t be neglected. Although the reservoir temperatures
are fixed, the junction temperatures of TEG are dynamic under different
working conditions due to external heat resistances. In addition, NET
lacks the optimization for external heat transfer processes, and it can’t
reflect the actual change law of energy conversion processes. Therefore,
these research methods have obvious limitations.

Finite-time thermodynamics (FTT) (Curzon and Ahlborn, 1975;
Andresen, 1983, 2011; Chen et al., 1999, 2016; Pourkiaei et al., 2019;
Berry et al., 2020; Sieniutycz, 2020; Andresen and Salamon, 2022) is a
tremendous advance for modern thermodynamics, and it stems from the
pioneering work of Curzon and Ahlborn (1975) on endoreversible Car-
not engine in 1975. FTT provides a method to investigate the external
heat transfer irreversibilities, it takes the system with finite-rate heat
transfer processes between device and reservoir as research object, and
optimizes system performance under the constraints of finite time and
size, which can well solve the problems existing in NET. Therefore, the
performance limits obtained by FTT can provide more reasonable
guidance for actual thermoelectric devices. Since the foundational paper
of Curzon and Ahlborn was published, a lot of works have been executed
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about different thermal, chemical and electrical processes and devices,
such as finite-reservoir heat-pump (Chen and Xia, 2023a) and
heat-engine (Chen and Xia, 2022a, 2023b; Li and Chen, 2022) cycles,
organic-Rankine-cycles (Wu et al., 2020, 2021a; Feng et al., 2021; Yang
et al., 2023), internal-combustion-cycles (Ge et al., 2021, 2022a, 2022b,
2023; Wu et al., 2021b; Zang et al., 2022; Chen et al., 2023a), Stirling
cooler (Paul and Hoffmann, 2022; Prajapati et al, 2023) and
heat-engine (Xu et al., 2022) cycles, thermal-Brownian-cycles (Qi et al.,
2021; Chen et al., 2022b), blue-engine-cycle (Lin et al., 2022),
thermoradiative-devices (Hu et al., 2021; Zhang et al., 2021),
thermionic-devices (Qiu et al, 202la; Liang et al, 2022),
electron-engine (Qiu et al., 2021b), membrane-reactors (Li et al., 2022a,
2022b; Kong et al., 2022; Chen et al., 2022c), chemical-engine-cycles
(Chen and Xia, 2022b, 2022¢, 2023c, 2023d, 2023e), chemical-pump
cycles (Chen et al., 2020a, 2023b, 2023c, 2023d), etc. These related
researches enrich the application range of FTT, and the results obtained
are more reliable.

At present, many related pieces of research on TEG have been per-
formed by applying FTT (Chen et al., 2016; Pourkiaei et al., 2019).
Gordon (1991) considered external finite-rate heat transfers, and opti-
mized single-element TEG performance firstly. However, commercial
TEG devices are usually composed of multiple semiconductor elements.
Subsequently, the performances of multi-element TEG devices were also
studied. Chen et al. (2002) studied multi-element TEG performance
under Newtonian heat transfer law, and analyzed the thermoelectric
element number effect on optimal performance. The external heat
transfers have many forms, and they affect the device performance
strongly. Based on the multi-element TEG model, Chen and his colleges
(Chen et al., 2005a, 2012; Meng et al., 2012) compared the performance
differences when external heat transfer followed linear phenomeno-
logical law (Chen et al., 2005a), radiative law (Meng et al., 2012), as
well as generalized law (Chen et al., 2012), respectively. The optimal
electrical currents and thermal conductance allocations for maximal
power were also given. To reach a compromise between power and ef-
ficiency, Tian et al. (2022a) studied the multi-element TEG performance
under efficient power criteria. Unfortunately, the underutilized heat is
dissipated into environment directly for above TEG devices, which
means the wastage of energy.

The multi-stage thermal device can recycle heat in different grades,
and the energy utilization was improved due to the enlargement of
operating temperature difference when the TEG worked in tandem.
Subsequently, a FTT model of two-stage TEG device was developed by
Chen et al. (2005b) firstly, and the performance was optimized by
modulating heat exchanger area allocation and thermoelectric element
number allocation. Based on this model, Tian et al. (2022b) performed a
multi-objective optimization by NSGA-II algorithm further. The above
scholars explored the optimal performance of TEG devices from
single-element to multi-element structure, and from single-stage to
two-stage structure.

Some scholars have also carried out research on thermoelectric
refrigerator (TER), thermoelectric heat-pump (TEHP), as well as their
combined devices. Chen and his colleges (Chen et al., 2021; Chen and
Lorenzini, 2022) compared the performance difference of multi-element
TER when the heat transfer followed Newtonian law, linear phenome-
nological law and radiative law, respectively. Chen et al. (2020b) and
Jiang et al. (2022) proposed an air-cooled and a water-cooled TER
model, respectively. The influences of radiator performance and module
packing factor on cooling load were also studied. Ma et al. (2023)
applied TER device to improve the building environment, and realized
the effective regulation of indoor temperature. Recently, some scholars
proposed some combined thermoelectric devices, such as the
single-stage TEG-TER device (Feng et al., 2018), single-stage TEG-TEHP
device (Chen and Lorenzini, 2023) and two-stage TEG-TEHP device
(Chen et al., 2020c), and obtained a lot of interesting results for the
design of actual devices, see the comprehensive reviews (Chen et al.,
2016; Pourkiaei et al., 2019).
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Different from traditional shaft generator devices, the TEG can work
stably without any external mechanical work, and it has a lower
requirement for heat-reservoir grade. Benefiting from this feature, the
TEG can generate electricity with the help of different kinds of heat
reservoirs. When the fuel cell offered electricity for external devices, a
vast amount of waste heat was also dissipated into environment. Zhang
et al. (2017) proposed a combined device that employed a two-stage
TEG to reuse the waste heat of fuel cells. Guo et al. (2020) further
optimized the hybrid device performance consisting of fuel cells and
two-stage TEG with Thomson effect. Meng et al. (2017) established a
water-cooled TEG model for recycling industrial gas waste heat, and
studied the relation between the gas inlet temperature and the optimal
thermoelectric element length. Xiong et al. (2014) built a TEG model for
recycling waste heat from slag water, and optimized the inner structural
parameters for maximum power. Xiong et al. (2016) built a two-stage
cylindrical TEG model driven by sintering flue gas, and studied the
invest recovery period. Ghoreishi et al. (2023) optimized the external
hot fluid channel geometrical parameters of waste heat recovery TEG
device. Zhao et al. (2023) found that the power could be improved
rapidly by inserting a perforated plate in external heat exchangers.
Cheng et al. (2018) designed multi-stage TEG devices to reuse the
combustion heat of hypersonic vehicle, and analyzed maximal efficiency
under large temperature difference conditions. Zhu et al. (2022) pro-
posed an annular TEG device attached to the surface of a pipe with in-
ternal twisted tape, and studied the effects of twist ratio of twisted tape
on power generation performance. The above researches achieved
power generation by using different types of waste heat, and improved
the energy utilization efficiency effectively.

Solar energy is a kind of completely green energy, and it has a rich
reserve and wide distribution. With the advancement of solar collector
technology (Xiong et al., 2021), the combination of solar collector sys-
tems and TEG systems attracts the interest of numerous researchers from
all over the world. Recently, some scholars have studied the perfor-
mance of solar TEG devices by using NET. Tayebi et al. (2014) studied
solar single-element TEG operated in a vacuum thin-film package, and
the research showed that the thin-film structure could enhance solar
energy utilization effectively. Bellos and Tzivanidis (2020) investigated
the performance of a solar single-element TEG without concentrator,
and gave the maximal efficiency. Meanwhile, some scholars also carried
out research on the solar multi-element TEG devices. Suter et al. (2011)
proposed a multi-element solar TEG device arranged on the hollow cube
surface, and studied the influence of cavity size on output power. Sun
et al. (2022) proposed a multi-element solar TEG model to predict the
power generation performance during whole daytime through a 3D
transient numerical model. Montero et al. (2021) proposed a solar
multi-element TEG model with a heat storage unit, and results showed
that the solar TEG performance could be improved by this unit. Mush-
aravati et al. (2022) proposed a hybrid model of TEG driven by waste
heat of solar salinity energy storage pond, and gave its maximal net
power. These solar device models (Tayebi et al., 2014; Bellos and Tzi-
vanidis, 2020; Suter et al., 2011; Sun et al., 2022; Montero et al., 2021;
Musharavati et al., 2022) ignored the external heat resistances, and the
external heat transfer processes were not optimized in deriving optimal
performances.

Some scholars also studied the solar TEG device performance by FTT,
Chen (1996) proposed a FTT model for solar-driven single-element TEG
firstly, and optimized its efficiency by optimizing electrical current. To
realize the cascade utilization of energy, Eke et al. (2022) built a FTT
model for solar-driven two-stage TEG device consisting of two
single-element TEGs, and gave the maximal efficiency by optimizing the
geometries of thermoelectric leg and load resistance with ANSYS soft-
ware. Although the external heat resistances were considered in this
model, the optimization for heat transfer processes was neglected.
Therefore, the maximal efficiency couldn’t represent the actual limit.
Meanwhile, many relevant experiments have been carried out in recent
years for actual performance. However, these studies mainly focused on
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solar single-stage TEG devices (Tyagi et al., 2023). Lv et al. (2019)
carried out an experimental study on a heat pipe solar TEG device, and
the effects of solar insolation, solar collector performance and ambient
temperature on efficiency were studied. Subsequently, they further
investigated solar TEG device performance under realistic fluctuating
radiation (Lv et al., 2021), and found that power generation perfor-
mance was best at noon.

Based on above literature survey, the solar TEG has important
application value in alleviating the energy crisis. Since the current FTT
model of solar two-stage TEG has a single-element structure (Eke et al.,
2022), while the practical devices are usually multi-element structure,
so this model needs to be improved. In addition, an overall performance
optimization was also not provided in previous works. To fill this
research gap, this paper will develop a solar-driven two-stage TEG
model with a multi-element structure. Considering the
multi-irreversibilities existing in practice, the power, efficiency and heat
balance equations of the new model will be deduced by FTT and NET.
The receiver and junction temperatures will be solved by simultaneous
equations, and the performance characteristics of new device will be
studied and optimized by adjusting internal structural parameters and
external heat transfer processes. Influences of ambient temperature,
total inventory and solar insolation on optimal performance will also be
studied. The solar two-stage TEG in this paper can be used to improve
the energy utilization efficiency for actual solar thermoelectric devices.
The performance limits derived can also provide theoretical guidance
for the performance optimization of practical solar TEG systems.

2. Model and heat flow analysis

Fig. 1 gives a solar-driven two-stage TEG diagram. The device is
composed of a solar thermal collector, two-stage TEG and heat ex-
changers. The collector converts solar radiation into heat, it consists of
two parts: concentrator and receiver, and the receiver temperature is Ty.

Concentrator

th .

QmaTm L )
N||P||N|P|n [N||P|N|P

0| g 7

Fig. 1. Solar-driven two-stage multi-element TEG device.
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The TEG gets heat from receiver through upper heat exchanger, the two
junction temperatures are T; and T», and the connection layer temper-
ature is Tp,. The upper (or bottom) TEG contains m (or n) pairs of ther-
moelectric elements, the total number is M (M = m + n), and both m and
n are integers. The waste heat is discharged to environment through the
bottom heat exchanger, and ambient temperature is Ty, one has Ty >
Ty > Ty > Ty > Ty. The heat flux between receiver (or environment)
and TEG is Qg (or Q;). K; and K, are thermal conductance, and overall
inventory is Ky (K = K; + Kz). K is the total thermal conductance of
thermoelectric couple. The heat fluxes of three junctions are Q,, Q; and
Qm, and R;, is external electrical resistance.

The solar collector converts solar energy into heat, some of which is
dissipated into environment in the form of radiation, and the rest is used
to heat TEG. When the sunlight intensity remains stationary, the heat
utilizable for TEG per unit time can be expressed as (Lai et al., 2019; Qiu
et al., 2022):

Qn = CGAn,, — oA (T}, — Ty*) €Y}

where C is concentration ratio, G is solar insolation, A is collector area,
1lp is optical efficiency of concentrator, ¢ is emissivity of receiver, and o
is Stefan-Boltzmann constant.

For two-stage TEG, the heat fluxes Qn, Q,, and Q; at three junctions
are:

Qv =m[alT, = PR | 2+ K(T, — T,,)] 2
Q. =mlalT, + PR |2+ K(T, — T,,)] @)
Qn=n[alT, — PR /2 +K(T, - T>)] “
Qi=n[aIT, + R / 2+ K(T,, — T5)] )

where @ = ap — ay (ap and ay are Seebeck coefficients of P- and N-type
thermoelectric couple), I is electrical current, R is the electrical resis-
tance of thermoelectric couple, I?R is Joule heat flux, KAT is Fourier
heat leakage rate.

According to FTT, the heat fluxes Qy and Q; are:

On=K(Ty—T) (6)

0L=K(T» = T)) @)
The energy balance equations of four heat exchange processes are:

CGAn,, — e0A(Ty = Ty*) = Ki(Ty = T1) ®
K\(Ty —Ty)=m[alTy — I’R | 2+ K(T\ — T,,)] 9
m[alT, + 'R / 2+ K(T\ — T,,)] =n[alT,, — 'R / 2+ K(T,, — T»)] 10)
Ky (T, — Tp)=n[alTy + 'R | 2+ K(T,, — T)] 1D

where the four junction temperatures (Ty, T1, T;;, and T) are unknown.
When the sunlight intensity, ambient temperature and structural pa-
rameters are fixed, the junction temperatures (Ty, T1, T, and T5) of solar
TEG system are fixed, and they can be solved by Egs. (8)-(11).

This section develops a FTT model of solar-driven two-stage TEG
model, and explains its energy conversion processes. This new device
can generate electricity by using solar energy and realize waste heat
utilization, it has a multi-element structure, so this device has a more
practical significance than those models in Refs. (Tayebi et al., 2014;
Bellos and Tzivanidis, 2020; Suter et al., 2011; Sun et al., 2022; Montero
et al., 2021; Musharavati et al., 2022; Chen, 1996; Eke et al., 2022).
Although this model is one-dimensional, the energy conversion pro-
cesses can be reflected clearly, and performance limits can also be pre-
dicted properly. Meanwhile, limited by this one-dimensional structure,
the internal heat transfers among thermoelectric modules are fail to be
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considered. Therefore, a 3D model needs to be established for more
accurate performance limits by combining FTT and ANSYS software in
future work.

3. Main performance parameters

Through above analysis of energy conversion, the output power P
and efficiency 5 of system are:

P=0,— Q=m[al(T) - T,) — PR] +n[al(T,, — T») — I'R] 12)

n=P/(CGA) = {m[al(T, - T,) — 'R] +n[al(T,, — ;) + I'R| } / (CGA)
1s3)

When the total thermoelectric element number M and total heat
exchanger inventory Ky are fixed, one can define the heat exchanger
inventory ratio x = K; /K. Therefore, Egs. (8)-(11) can be written as:

CGAn,,, — e0A (T}, — To*) =xKr(Ty — T}) a4
XKy (Ty —Ty) =m[alT, —I’R [ 2+ K(T; — T,)] (15)

m[alT,, + 'R |2+ K(T\ — T,,)] = (M —m)[alT,, — 'R / 2+ K(T,, — T»)]
(16)

Kr(1=x)(Ty = Tp) = (M —m)[alT, + PR / 2+ K(T,, — T»)] 17)
Meanwhile, P and # can be written as:

P=Q,—Q=mlal(T, —T,) — I’R] + (M —m)[al(T,, — T,) — IR] (18)

n=P/(CGA)={m[al(T\~T,,)) —I*R| + (M —m) [al(T,,— T,) —I’R] } / (CGA)
19

When the sunlight intensity and structural parameters of the device
are given, the temperatures of the receiver and three junctions (T4, T1,
T, and T,) can be determined by equations 14-17. Because Eq. (14)
contains quartic terms, the numerical method is applied herein. First,
assume the initial junction temperatures (T}, T}, T,, and T,). Then, solve
these temperatures with errors less than 10~° by iterative method.
Finally, calculate P and 5 by substituting them into Egs. (18) and (19).
The specific computing flow process is shown in Fig. 2.

4. Performance analyses and optimizations

In this section, the effects of solar insolation, inner structure pa-
rameters and thermal conductance on the optimal performance will be
studied. The results will also be compared qualitatively with the
experimental results of solar single-stage TEG (Lv et al., 2019, 2021) to
verify the validity.

4.1. Fixed parameters

The solar TEG device performance characteristics are related to
external environment and system structural parameters closely. For
actual thermoelectric materials, the physical properties are dynamic as
temperature changes (Feng et al., 2018). To simplify the analysis, one
can assume that the material properties are fixed, that is, the parameters
a, K and R are treated as constants in the calculation. The parameters set
in this paper is based on the product of IEC1-039018 TEG of Shanghai
Jinwei Thermoelectric Co., Ltd. (Chen et al., 2002), and the material
used in the device is BipTes.

Table 1 presents the fixed parameters of solar TEG device.

4.2. Junction temperatures under different solar insolation

For different solar insolation G, the junction temperatures (Ty, T1, Ty
and T») of solar TEG device will change, and the values under different
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(' Start )

Initialize parameters: «, R, [, K,
M, Kz, C, G, nop e 0, A, Ty, m, x

L

Set initial junction temperatures:
T‘H=T‘] =T‘m=T‘2=3OO
1
[Calculate Tu, Ty, Tm, T>by Egs. (14)-(17)]

T'y=Ty T:=T,
T‘m=Tm, T‘2=T2

No

| 7T 5| £ 10°,
| 7, - 7| 10 Ti-T 'm | £ 107,
ITZ _T‘2|510-6

Calculate P and 77 by Eqgs. (18) and (19)

End

Fig. 2. Solving process.

Table 1
Fixed parameters of solar TEG device (Chen et al., 2005b; Lai et al., 2019).

Parameters Symbol  Value
Area of receiver A 0.07m?
Concentration ratio C 2000
Solar insolation G 1.5W/m?
Thermal conductance of thermoelectric K 0.01W/K
element
Total heat exchanger inventory Kr 10W/K
Total thermoelectric element number M 60
Electrical resistance of thermoelectric element R 1.4x1073Q
Ambient temperature To 300K
Seebeck coefficient a 2.3x 1074V/K
Optical efficiency Nop 0.95
Emissivity of receiver € 0.88
Stefan-Boltzmann constant c 5.67 x

10-8W /(m? -K*)

solar insolation G can be solved by combining Egs. 14-17. Fig. 3 shows
the influences of G on junction temperatures. One can see that Ty, Ty, Tr,
and T, increase monotonically versus G. It indicates that the operating
temperatures increase as solar insolation increases. The junction tem-
perature T, changes little as G increases, and the working temperature
differences AT, and AT; of upper and lower TEGs increase versus G.

4.3. General performance for power output and thermal efficiency

Fig. 4 presents the influences of I and x on P (a) and 5 (b) withm =
25. When I is a constant, P and ; have an extreme value with respect to
x, respectively. For a fixed Kr, P and 5 can be maximized by modulating
the inventory allocation rationally. One can find that P and 5 present the
same variation trend about I and x. The reason is that the heat gain
(CGA) of solar collector is fixed for fixed sunlight intensity, and the TEG
has a fixed heat absorbed rate from the receiver. Therefore, P and 5 show
the same variation trend. According to Egs. (12) and (13), # and P are
directly proportional (y = P /(CGAg)), which can also explain this
phenomenon. For a fixed x, there exists an optimal electrical current I
that maximizes P and 5, which is consistent with the results observed in
the experiment of solar single-stage TEG (Lv et al., 2019). When I and x
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700 : :
=10 K, =10

x=04 m=30
Ty— =T,

600

T 500

400

300F .

Fig. 3. Influences of G on function temperatures.

are optimal simultaneously, P reaches its maximum value, and corre-
sponding 7 is also maximum. By numerical calculation, the local
maximum values of power (Py,) and efficiency () are 7.608 and 0.036,
respectively. Compared with solar single-element TEG (Chen, 1996; Eke
et al., 2022), this new multi-element device has a larger output power.
Benefiting from the two-stage structure, the energy utilization rate is
also significantly improved.

Fig. 5 presents the P —m (a) and # — m (b) curves under different
total number M. P and 7 exist maximal values about m, respectively. It
presents that P and 5 can be enhanced by modulating the thermoelectric
element allocation suitable for a fixed total thermoelectric element
number M. One can find that P and n show the same variation trend
about m, and the reason is the same as that in Fig. 4. When m is optimal,
P and 5 reach their maximum values P,, and 7,, simultaneously. Table 2
lists the values of P, and #,, for different thermoelectric element number
M, and the values of P,, and 7, are 7.568 and 0.035 when M = 60,
respectively. For a fixed M, the working temperature difference T; — Tp,
is too small when m is small, and the upper TEG fails to work. Mean-
while, the working temperature difference T, — T is too small when m
is too large, and lower TEG fails to work. Therefore, the thermoelectric
element numbers m and n should locate in an appropriate range.

For different electrical current I, four working temperatures (T, T1,
T and T») can be solved by Egs. 14-17, and the curves of P and 7
varying with them can be obtained. Fig. 6 shows the relations of P and
about four temperatures with m = 25 and x = 0.6. From above analysis,
an optimal electrical current I, exists to maximize P. At this point, the
corresponding four working temperatures reach their optimal values
(THopt> T1opts Tmopt and Tagpr), and Tygp; is the optimal collector temper-
ature. One can know from Fig. 6, the maximum power (P;) and efficiency
() can reach 7.529 and 0.034, respectively. The optimal collector
temperature Tgo, ~ 471K, and the optimal operating temperatures
T1opt = 460K, Trop: = 365K and Ty ~ 313K, respectively.

4.4. Optimal performance

Therefore, there exists a group of optimal electrical current, optimal
thermoelectric element number m and optimal thermal conductance
ratio x to maximize P and #. The maximum power P, and maximum
efficiency #,,,, are given by optimizing I, x and m simultaneously, and
the corresponding efficiency 7, and power P, can be further obtained.
Since P and 7 reach their maximum values simultaneously, one has
Prax =Py and fpgyx = 1p-

Fig. 7 gives the curves of Pnax (Py), flmax (7p) and optimal working

temperatures versus To. Table 3 lists Ppmayx, #,,c and optimal variable
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Fig. 5. Influences of m on P (a) and 7 (b).
Table 2 ] 0 T I'll T Ill’ T L] 0'04
Values of Py, and 7, for different M. TH P T[
M 20 30 40 50 60 70 _
_P,—7.529 —-—Tm—--—T2 171—0034
Pn 3.289 4.628 5.779 6.753 7.568 8.225 S AN 0.03
lln 0.015 0.022 0.027 0.032 0.034 0.039 /T\' |:'\ :
6 S -i \
values under different temperatures Tp. One can see that the optimal ’ : \ ¢\
thermoelectric element distribution is close to half, and all of them are P ,‘ | ‘. A '\ 40.02 77
29/60. When the ambient temperature T, rises, and the operating 4l o '\ o
temperature difference of combined TEG also decreases, so both Ppy | : Y : . \|
and 7,,,,, decrease, which is the same as the experimental results of solar Do \ | \ \
single-stage TEG (Lv et al., 2019). According to the results in Table 3, oL ! 1 i [ ‘\ THupl I 10.01
Prax and 11,,,,, correspond to the same optimal values X,p¢, Mope and Iy, for . : T \ : \ T
a fixed Ty, which is different from the results of two-stage TEG without i P V% \_ lopt
solar driving (Wu et al., 2021a; Yang et al., 2023). The values of Pyqy and ol—1 |/ ™ \l \ NN\ 0.00
Hmax ar€ 8.14 and 0.039 when Ty = 300K. Compared with the results of 300 300 380 460 480 500

Pie (11,)> Pm (n,,), and Py (1) in Figs. 4-6, the power after comprehensive
optimization is increased by 6.993%, 7.558%, and 8.115%, respectively;
and the efficiency is increased by 8.333%, 11.429%, and 12.821%,
respectively. When I, x and m are optimal, the working temperatures
(Ty, T1, Ty and T3) of the device also reach their optimal values,
respectively. The curve Ty shows the optimal collector temperature. The
new performance limits are derived by optimizing external heat transfer
processes and internal structural parameters, and they are closer to re-
ality than before.

Fig. 6. Relations of P and 5 about working temperatures (Ty, T T, and Tb).

4.5. Optimal thermoelectric element allocation with different total
numbers

The element number distribution of two-stage TEG at optimal per-
formance is different for different total number M. Because m and n are
integers, the enumeration method is adopted to study the performance.



C. Qietal

-2
10 - - - —50 <
1480 &
o
1440 S
A 2| &
= 0% 4400 2
£ § 3
NoTE = £
1 : Pmu.\' ([3//) 2 : 77mux (77[’) 35 1360 &
——T, ——T, ' g
=
oF——1, ——1, 1320 €
13.0 g
5 1 1 1 1 J 280 *a'_
280 290 300 310 320 330 o
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about Tp.

Table 4 presents the optimal thermoelectric element allocation under
different M. One can know from the table, the thermoelectric element is
allocated a half or less than a half to upper TEG, the allocation ratio m/ n
is same under Ppqy and #,,,, objectives. Both Ppg, and #,,,, increase as
thermoelectric module number M increases, which is the same as the
experimental results of solar single-stage TEG (Lv et al., 2019, 2021).

4.6. Effects of solar insolation on optimal performance

solar insolation G is a key factor affecting the solar power device
performance, Ppq, and 7,,,, will change when G changes. According to
Egs. 14-19, one can know that the variation law of P and 5 with respect
to G is the same as that of concentration ratio C. Therefore, only the
influences of solar insolation G on Py and 7, are studied herein.
Fig. 8 gives the curves of Py, and 1,,,, about solar insolation G. Ppq and
Nlmex iNcrease monotonically as solar insolation G increases, and the
values of Py, and #,,,, are 18.319 and 0.044 when G = 2. Compared
with the optimal performance when G = 0.75, P and  are increased by
491.92% and 22.22%, respectively. It shows that the solar device per-
formance can be enhanced by improving illumination intensity when
structure parameters of system are fixed. The increased amplitude of
Nmax Decome slower gradually as G increases, which is the same as the
experimental results of solar single-stage TEG (Lv et al., 2019). The
maximal efficiency 7, converges to 4.5%, it presents the efficiency
limit of this model for fixed system structure parameters.

The heat exchanger performance affects the heat flow conversion of
system, Fig. 9 depicts the influence of total heat exchanger inventory Kr
on Ppgy and #,,4,- Pmax and #,,,, grow versus Ky monotonically, and they
will increase to the upper limits when K7y is large enough, respectively.
When the performances of two heat exchangers are improved, the values
of power and efficiency can approach Pyon_ggi =10.01 and
NNon—Equi. = 0.048, respectively. When K7 is infinite, the external resis-
tance reduces to zero, and the junction temperatures have T; = Ty and
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T, = To. It becomes a non-equilibrium thermodynamic model. The
horizontal lines P = Pyon_gqui. and 5 = NNon—Equit. i figure show the
upper bound of P and 7 for a fixed illumination intensity.

Combining with the relation between P —1I and 5 — I, the charac-
teristic of P — 5 is depicted in Fig. 10. It is a linear relation between P and
n. This is because the two optimization objectives of P and 5 are
consistent, so it presents a linear relation. According to Eq. (13), the
slope of line P —n is CGAg. When the electric current I is optimal,
Prgxe = 8.141W and 1,,,,, = 0.039, which corresponds to the optimal
values when Ty = 300K in Table 3.

5. Conclusions
A FTT model of solar-driven two-stage multi-element TEG with in-

ternal and external irreversible factors is developed. This device can
generate electricity by using solar energy, and realizes the cascade uti-

Table 4
Optimal thermoelectric element allocation under different M.
M m m/n Prax Nmax
20 10 10/10 4.221 0.021
30 14 14/16 5.615 0.027
40 19 19/21 6.691 0.032
50 24 24/26 7.511 0.036
60 29 29/31 8.14 0.039
70 34 34/36 8.625 0.041
80 39 39/41 8.997 0.043
920 44 44/46 9.281 0.044
100 49 49/51 9.492 0.045
110 54 54/56 9.647 0.046
120 58 58/62 9.758 0.047
130 63 63/67 9.83 0.048
140 68 68/72 9.872 0.049
24 : T 0.045
o A ﬂ—_
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Fig. 8. Influence of solar insolation G on Pngy and #,,,, 4.7 Effects of total heat
exchanger inventory on optimal performance.

Table 3

Values of Prax, e and optimal variables under different temperatures T.
To 285 290 295 300 305 310 315 320 325
Xopt 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Mpe 29 29 29 29 29 29 29 29 29
Nopt 31 31 31 31 31 31 31 31 31
Iope 14.411 14.154 13.641 13.385 13.123 12.872 12.615 12.359 12.103
Prax 9.128 8.788 8.458 8.14 7.831 7.533 7.244 6.966 6.696

0.043 0.041 0.041 0.039 0.037 0.036 0.034 0.033 0.032
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lization of heat. The working mechanism is explained, power and effi-
ciency are derived and optimized by modulating external heat
exchanger inventory and internal structure parameters. The optimal
collector temperatures are given, and the effects of external heat
transfers, electrical current and solar insolation on optimal performance
are also studied. Results show that:

(1) When the structure parameters of device are fixed, an optimal
collector temperature exists to maximize power and efficiency,
and the two optimization objectives are consistent and show
same variation trend. When the power reaches its maximum
value, the efficiency also reaches its peak value. Efficiency is
proportional to power, and the slope of line P— 7 is CGAg.

(2) When the total heat exchanger inventory and internal structural
parameters are fixed, an optimal inventory distribution ratio
exists to maximize power and efficiency. When the external heat
exchanger parameters are constant, power and efficiency have an
extreme value with respect to electrical current and thermo-
electric element number m, respectively. The thermoelectric
element allocation should locate in an appropriate range.
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(3) When inventory allocation and internal parameters are optimal
simultaneously, the system performance is optimal. At this time,
the corresponding receiver and junction temperatures also reach
their optimal values, and the optimal heat exchanger inventory
ratio is 0.5. The thermoelectric element is allocated a half or less
than a half to upper TEG under different total element numbers.
Compared to the performances after initial optimization, the
power and efficiency are sharply improved after comprehensive
optimization.

The external heat transfer resistance will disappear if the total
inventory is infinite. In this case, the maximum power and effi-
ciency are the upper bounds for this solar-driven two-stage TEG,
and they are the performance limits of non-equilibrium thermo-
dynamic one. When the ambient temperature increases, the sys-
tem performance will deteriorate. The overall performance can
be enhanced by improving the solar insolation.

FTT is an effective tool to optimize the TEG performance. It is
necessary to take account into the external heat resistances of
TEG device. The performance limits derived by FIT are lower
than that of NET, but it can provide more accurate guidance for
the optimal design of actual TEG. The results obtained are
consistent with the performance characteristics observed in
experiments.

Lastly, it has to point out that the one-dimensional model is
limited, and the 3D model is needed to be built to explore the
system performance deeply by combining FTT and ANSYS soft-
ware. Moreover, the effects of temperature on the physical
property of thermoelectric material should also be considered.
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