Conceptual development of a novel photovoltaic-thermoelectric system and preliminary economic analysis
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Abstract

Photovoltaic-thermoelectric (PV-TE) hybrid system is one typical electrical production based on the solar wide-band spectral absorption. However the PV-TE system appears to be economically unfeasible
owing to the significantly higher cost and lower power output. In order to overcome this disadvantage, a novel PV-TE system based on the flat plate micro-channel heat pipe was proposed in this paper. The
mathematic model was built and the performance under different ambient conditions was analyzed. In addition, the annual performance and the preliminary economic analysis of the new PV-TE system was

also made to compare to the conventional PV system. The results showed that the new PV-TE has a higher electrical output and economic performance.
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Nomenclature

A

area of PV

Aieg

cross-sectional area of a P or N leg, m?
Cpe

local friction coefficient

G

specific heat of air, k]J/(kg K)

E

con
heat flux via conduction, W

E

cov
heat flux via convection, W

©2017, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



Ein

solar energy absorbed by selective absorbing coating, W

E,,

PV electrical output, W

E

rad
heat flux via radiation, W

G

solar radiation, W m~2

h

cov

coefficient of convection heat transfer, W/(m? K)

h rad

coefficient of radiation heat transfer, W/(m? K)

electrical current, A

K

thermal conductivity of heat pipe, W m~! K™*
K air
thermal conductivity of air, W m~! K™*
Kreg
thermal conductivity of TEG, W m~! K~!
L

length of the heat sink, m

Ly,
length of heat pipe, m
ieg
height of TEG, m
Mo

numbers of PN junction

Nu
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Nuselt number

Pr

Prandtl number

Qregh

energy that passed in hot side of the TEG, W

Oegl

energy that passed out of cold side of the TEG, W
Reons

resistance of the heat conduction in heat sink, K W~!
Reovy

thermal resistance of convection Heat transfer between heat sink and ambient air, K W~!
RL‘[I

thermal contact resistance between selective absorbing coating and heat pipe, K W1
R(t2

thermal contact resistance between heat pipe and the TEG, K W~!

Rm}

thermal contact resistance between TEG and heat sink, K W~!

Ry,

thermal resistance of the heat sink, K W~!

Tieg

electrical resistivity of P or N junction, Q m

Re

Reynolds number

St

Stanton number

S

cross section area of the heat sink, m?

S

total area of the heat sink, m?
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T,

a
temperature of ambient air, K

T,

temperature of the evaporating side of the heat pipe, K
Tiegn

the temperature of hot side of TEG, K

Ttegl

temperature of the cold side of TEG, K

T

temperature of the condensate side of the heat pipe, K
T,

temperature of absorbing coating, K

Ty
temperature of sky, K
u

wind speed, m/s

Greek letters

a

heat diffusivity, m?/s

@y

absorptivity of absorbing coating
Upeq

Seebeck coefficient, V K!

o

Stefan-Boltzmann constant, W m~2 K~*
3

reflectivity of absorbing coating
u

viscosity (dynamic)?, N s/m?
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v
kinematic viscosity, m?/s
p

density of air, kg/m?

1 Introduction

Solar power generation is one of the important applications for solar energy, and the low cost and high efficiency solar power generation has always been the focus of the solar energy basic research. Currently,
Photovoltaic (PV) is the most common and commercialized way for solar electrical generation. Nevertheless, the conventional materials can convert effectively only photons of energy close to the semiconductor band
gap [1]. For example, the single junction Si technologies are limited to maximum efficiencies in the order of 30% [2], which leads to most of the absorbed energy is converted into the thermal energy, increasing the PV

temperature and leading to further efficiency reduction [3-5]. Thus the way to utilize the thermal energy to produce the electricity is important for fully exploiting the wide solar spectrum.

Thermoelectric generation (TEG) is a device to utilize the Seebeck effect to convert heat from solar energy directly into electrical energy through the movement of charge carriers induced by a temperature
span across it [6]. Compared to conventional electrical power generator systems, the TEG theoretically can own many advantages such as being simple and highly reliable, having no moving parts, and being

environmentally friendly. From the view of the fully solar spectrum application and the installment convenience, it would be suitable for combination the PV and TE.

Many researchers paid more attentions on the combination of the thermoelectric and the photovoltaic technology in a hybrid system in recent years [7-10]. There are main two types: splitting system and
integrating system. Kraemer et al. proposed a general optimization methodology of solar spectrum splitting for PV-TE system [11]. Mizoshiri et al. used thin-film thermoelectric modules to combine with photovoltaic
[12]. Fleurial indicated that the PV-TE may be integrated with the solar concentrator, which can obtain a high electrical output [13]. Van Sark predicted the feasibility of the splitting PV-TEG that the efficiency can be
enhanced up to 23%, however the heat losses has been neglected in the simulation [14]. Hashim et al. built the model for geometry optimization of thermoelectric devices in a hybrid PV-TE system [15]. Bjerk and
Nielsen analyzed the performance of a combined solar photovoltaic (PV) and thermoelectric generator (TEG) device [16]. Lin et al. coupled the temperatures and power outputs in hybrid photovoltaic and
thermoelectric modules [17]. Da et al. studied the light trapping to solar energy utilization for a novel photovoltaic-thermoelectric hybrid system to fully utilize solar spectrum [18]. Cui et al. designed a novel
concentrating photovoltaic-thermoelectric system incorporated with phase change materials [19]. Wang et al. took the experiment on the high-performance photovoltaic-thermoelectric hybrid device using the dye-

sensitised solar cell [20].

However, whatever the splitting system or integrating system, the pair-arrangement between the PV and TE modules appears to be economically unfeasible, owing to the significantly higher cost and lower

power output of the TE module relative to the PV module.

Heat pipes are efficient heat transfer devices that utilize latent heat of vaporization to transport heat over a long distance with small temperature gradient [21]. Micro-channel heat pipe (MCHP) has a higher
heat transfer and smaller temperature gradient performance due to the micro-channel structure [22]. Li et al. made the experiment and simulation on the solar thermoelectric generator using the micro-channel heat
pipe array, and the system saved a mass of TEG modules and reduced lots of the cost which showed the significant advantage than the TE without the heat pipe in series [23]. In addition, the non-uniform temperature
can seriously affect the efficiency of the PV and TEG [24,25]. Thus, combing the flat plate micro-channel heat pipe and PV and TE, can homogenize the heat flux distribution for the high electrical output. At the same

time, the flat plate micro-channel heat pipe can be attached to PV and TE closely, which can further reduce the contact thermal resistance between them.

Therefore, in this paper the conceptual of a novel photovoltaic-thermoelectric system was developed, which included the PV, the micro-channel heat pipe, the TE and the heat sink. The different ambient
parameters were all considered to analyze the system performance. Furthermore, the conventional PV system was introduced to compare to the new PV-TE system. In addition, the preliminary economic analysis was

carried out based on the whole year performance evaluation.

2 System description

The novel photovoltaic-thermoelectric system was shown in Fig. 1. The PV modules were attached to the upper surface of the evaporator of the MCHP while the TE modules were attached to the lower surface
of the condenser. During operation, the solar energy imposed on PV modules on the upper surface of the MCHP’s evaporator, then the thermal energy was conveyed to MCHP’s condenser, by means of the evaporation

of the working fluid within the MCHP. In the condenser, the heat was released via condensation of the MCHP workin% fluid and was then transferred to the attached TE modules. This created a temperature gradient
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across the TE module, thus resulting in a thermal to electrical conversion by means of the'Peltier effect’. The cooling structure of TEG was air cooling, whose performance was decided by the cooling structure, the

ambient temperature and the wind speed.

o .

Heat sink
Front glazing, PV

Flat-plat Micro-channel
Heat Pipe array (MCHP)

Insulating layer A-A

Fig. 1 Schematic diagram of the novel photovoltaic-thermoelectric system.

3 Mathematic model

The heat transfer process of the new PV-TE system was shown in Fig. 2. According to heat balance, the energy conducted by the heat pipe can be expressed as below,

E, = Epv + Econ + Egg + Ecoy

con

where E; is the solar energy absorbed by the PV-TE system. It can be expressed as below,

in = (Ta) vaG

where (ra),, and A are the effective transmittance-absorption product of the PV and PV area respectively. G is the solar radiation.

T,T,0

(za),, = #
-1 -ap,
Epy Ecov
Reon
N Rt Few
Rrat

Fig. 2 Schematic of the heat transfer network of the new PV-TE system.

The electrical output is given by:

E,, = (1), AGn,[1 = (T, — T,)]

where T, is the PV temperature. §,, is the temperature coefficient of PV efficiency.

The electrical efficiency of the PV can be expressed as:

E,

Nsys—py = E

E,,; is the energy transferred to the space via the radiation, which is expressed as below,

Emd = hradA(Tp - Tsky)
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is the reference temperature.
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h.q canbe defined as

g =5 (T2, + Tﬁ) (Tyy +T,) 1)
Ty, can be defined as

Ty, = 0.05521%° ®8)
where T, istemperature of the PV and 7, is the temperature of ambient air.

E,,, isthe energy convection between the PV and the ambient air, which is expressed as
Ecop = heoy AT, = T,) 9)
where h,, can be defined as
hyy, = 6.5+ 3.3u ao
The energy conducted via the heat pipe can also be expressed in several ways. The heat flux pass through the thermal contact resistance between the PV and heat pipe can be expressed as,
Econ = (T, = Ti)/ Ren amn
where 7}, is the temperature of the evaporating side of the heat pipe.

The heat flux conducted by the heat pipe can be expressed as,
Econ = Kth(Th - TI) 12)

where K is the thermal conductivity of the heat pipe, L,, is the length of the heat pipe and 7; is the temperature of the condensate side of the heat pipe.

The heat flux pass through the thermal contact resistance between heat pipe and the TEG (R,,) can be defined as,
Econ = (TI - Tregh)/RCtZ 13)

where T, isthe temperature of the hot side of the TEG.

The energy that passed through the hot side of the TEG can be defined by following equation.
1

1 Treght
AT — EIZZnMg e a9

teg Aieg

ategkteg

/

Qlegh = 2ntegareth(1ghI + 2nteg

Similarly, the heat through the cold side of TEG can be expressed as

[
teg as)

teg

a,,.k r
18 EAT + 1 122nmg i
l,eg 2 a

Qtegl = 2nregarEthegII + 2nreg

where Q,,, is the energy that passed in hot side of the TEG, 0, is the energy that passed in cold side of the TEG, ., is the numbers of PN junction, @.; is the Seebeck coefficient, s is the current,

K., is thermal conductivity of TEG, /., is the length of TEG, T, is the temperature of cold side of TEG, T’ is the electrical resistivity of a P or N leg, 4., is the Cross-sectional area of a P or N leg.

In a real system, TEG has to operate in the closed-circuit condition in order to deliver the power to external load. Under such circumstances, the heat flow through the TEG consists of both heat conduction and
the Peltier heat. As a result, the AT can be replaced by Refs. [26-28].
AT =(1+ ZTM )(ngh - Ttegl) o

where Z (= afeg/p-k ) is the thermoelectric figure of merit, 7, is givens as

TM _ 1+ ZS)ngh + Tlegl aa7)

2(1+5)2

where s is the ratio of the load resistance to_the internal resistance of the TE module. when s = 1, the electrical efficiency of the TEG can be expressed as:
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Qtegh - Qtegl

Nteg = (18)
fes Qzegh
The electrical efficiency of the system can be expresses
Qr(/gh - QTﬁgl 19)
Nsys—teg = T
This heat can also be expressed as the heat flux through the heat sink attached to the cold side of TEG.
Oregt = (Tieq — To)/ Ry 20)
where R;, is the thermal resistance of the fin which clings to the cold side of TEG, and can be expressed as below,
Rﬁn = Rcmzf + Rcov f + RL‘[3 21
where R, is the resistance of the heat conduction of the heat sink and R.s is the thermal contact resistance between the TEG and the heat sink.
H
R, ,=_—_
conf Kﬁn S, (22)
where H is the height of the heat sink, Kj, is the thermal conductivity of the fin and .S; is the cross section area of the heat sink.
In order to attain the value of R, which is the thermal resistance of convection heat transfer between fin and ambient air, the convection heat transfer coefficient h,,,,can be obtained [29].
Cj = 00592 Re;'/° 23)
Ux
Re, =22 (2]
U
where u, p, # represent velocity, density and viscosity coefficient of the fluid respectively, x is the characteristic length of the fin. » =1.1614 kgm=, # = 1.846 * 10™°> Nsm=2 .
h '
=3
N, = 25 = 0.332Re? Pr 0.6 < Pr < 15 (25)
air
uC,
Pr= Yo Ld (26)
a k

air

where o is the kinematic viscosity, h, is the local heat transfer coefficient along the length of the fin, k,, is the thermal conductivity of air, C, is the specific heat capacity of air, a is the heat diffusivity.

X

v =1.589 % 107% 241, ¢ =1.007 kKIkg ' K1, a =2.25% 10-° m?/s -
Thus St, can be obtained as below,

N hy 23
e X~ 0332Re;'? Pr @7

St, = =
Y Re,Pr pChug

2/3
Sty Pr =Cy /2 (28)
_ CypCytg, (29)
* 2pr2/3
And the local heat transfer coefficient h, is obtained,
0.0296x1/3pC il 30
T o U/5. P23
Therefore,
L
1
hcmj': f./o hxdx 31)
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After finishing calculated tablet on the air, the average heat transfer coefficient can be expressed as:
-1/5 4/5
oy = 0.037L7/°pCuqg (32)
o=1/5.pp2/3

Then the thermal resistance between the radiator and the air is:

R 1 v=1/5. pr2/3
= = 33)
O hon Sy 0.037L715pC LS,
where S, is the total area of the fin.
Therefore the overall electrical efficiency of the PV-TEG system can be expressed as
Nsys—pvie = Nsys—pv + Nsys—teg (34)

4 Performance analysis

The performance of the new PV-TE system was affected by the ambient parameters. In this section, different solar radiation, wind speed and ambient temperature were all considered to illustrate the PV-TE
performance. In addition, the conventional PV system was also compared to this new system. The relative parameters are shown in Table 1. The relatively models and parameters values have been verified in

[23,30,31].

Table 1 The relative parameters in the PV-TE system.

Parameter Numerical
PV
Area 1.2 % 0.18 m2
Transmittance of front glazing on PV 7, 0.09
Reflecance of front glazing on PV , k 0.08
Absorptivity of PV 0.9
PV efficiency g, 14.2%
Thermal contact resistance between PV and heat pipe R, 4% 1074 Q
Thermal contact resistance between PV and the TEG g, 1104 Q
Micro-channel heat pipe
Thermal conductivity of heat pipe g 23,000 w/mK)
Length of the heat pipe Ly, 1.25m
Thermal contact resistance between TEG and heat sink R, 110740

TEG
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Numbers of P or N junction Mieg

Cross-section area of one P or N junction Greq 1% 1078 m2
Seebeck coefficient g, 135x 107 VK~!
Electrical resistivity of one P or N junction r, " 335% 10~ Qm
Height of TEG ,,, 34x107° m
Heat sink

Height of the heat sink 11072 m
Length of the heat sink | 5%1072m
Cross section area of the heat sink g, 12 % 10-4 m?
Total area of the fins g, 1.46 X 1072 m?

4.1 Different solar radiation

When the wind speed was 2 m/s and the ambient temperature was 298 K, the TEG hot and cold side temperature was shown in Fig. 3. With the solar radiation increase, the temperature difference of TEG showed a rise

tendency.

340l —a— Hot side temperature
o— Cold side temperature

Temperature K

295 1 1 1 L 1 L 1 1 I 1 ]
0 100 200 300 400 500 600 700 800 900 1000 1100

Solar radiation W

Fig. 3 TEG hot and cold side temperature at different solar radiation.

Corresponding to Fig. 3, when the solar radiation was low, the temperature difference of TEG was small, thus the electrical efficiency of TEG was close to the zero (Fig. 4). However, when the solar radiation was high, the

electrical efficiency of TEG presented a trend of the rapid growth. On the other hand, with the hot side temperature increase, which means when the PV temperature increased, the PV electrical efficiency had a decrease tendency.
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Fig. 4 Electrical efficiency of PV and TEG in PV-TE system at different solar radiation.

When the radiation was low, the electrical efficiency of TEG was small, so the system efficiency of TEG became lower. However, when the radiation was high, the electrical efficiency of TEG was larger, so the system efficiency
of TEG became higher. Therefore with the solar radiation increased, the system efficiency of PV-TE presented the fall and then rise tendency (Fig. 5). For the conventional PV system, with the solar radiation increase, the PV
temperature became higher, so the system efficiency presented a decrease tendency.

0410 —a—PV-TE
#— Conventional PV

0.105

0.100

0.095

0.090 -

System efficiency

0.085

0.080 1 1 1 1 1 1 L L L 1 ]
0 100 200 300 400 500 600 700 800 900 1000 1100

Solar radiation W

Fig. 5 System efficiency comparison between PV-TE and conventional PV at different solar radiation.

4.2 Different wind speeds

The wind speed increased will enhance the cooling of the heat sink, which would be benefit for the TEG. Nevertheless, the larger wind speed would also increase the thermal losses on the PV via the heat convection to the
environment, which will decrease the hot side temperature of TEG and affect the TEG electrical efficiency negatively. Therefore, the comprehensive performance needed to evaluate on the specific working condition. Fig. 6 showed the
variation curves of the hot and cold side temperature of TEG at different wind speeds when the solar radiation was 1000 W and the ambient temperature was 298 K. It is clearly that with the wind speed increase, the temperature

difference of TEG became larger and then smaller. That also indicated that the TEG output would be higher then lower.
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Fig. 6 TEG hot and cold side temperature at different wind speeds.

With the different wind speeds, the electrical efficiency of PV and TEG were shown in Fig. 7. The curve of the TEG electrical efficiency was in keeping with that of the temperature difference, which indicated a rise then fall

tendency. For the PV efficiency, the curve presented a rising trend, but the rising amplitude became smaller, which means that when the wind speed increased to a high value, the PV electrical efficiency would be affected in a small

range.
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Fig. 7 Electrical efficiency of PV and TEG in PV-TE system at different wind speed.

The comparison between the PV-TE and conventional PV on the system efficiency was shown in Fig. 8. With the increase of the wind speed, the PV-TE system efficiency presented a rising than fall tendency. In the scope of the
low wind speeds, the PV output increase was larger than the TEG output decrease. But in the scope of the high wind speed, the PV output increase was lower than the TEG output decrease, so the system efficiency decreased
significantly.
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Fig. 8 System efficiency comparison between PV-TE and conventional PV at different wind speeds.

4.3 Different ambient temperature

When the solar radiation was 1000 W and the wind speed was 2 m/s, the hot and cold side temperature of TEG were all raised with the ambient temperature increase (Fig. 9). The temperature difference slightly became
smaller when the ambient temperature became higher.

360 -

—u— Hot side temperature
350 | —e— Cold side temperature|
340 -
R
2
£ 30|
g
<
=
=
S 3201
310 -
300 L L L L L )
285 290 295 300 305 310 315

Ambient temperature K

Fig. 9 TEG hot and cold side temperature at different ambient temperature.

In the PV-TE system, the TEG electrical efficiency changed in a small scope since the variation of the temperature difference of TEG was small (Fig. 10). But it is clearly that the PV electrical efficiency had a significant decrease

tendency, because the PV temperature rose with the ambient temperature increase.
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Fig. 10 Electrical efficiency of PV and TEG in PV-TE system at different ambient temperature.

The variation tendency of the PV-TE system and the conventional PV system were all downward with the increase of the ambient temperature, which was due to the higher temperature led to the lower PV efficiency. However,

because of the TEG output, the new PV-TE system was still higher than the conventional PV system (see Fig. 11).
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Fig. 11 System efficiency comparison between PV-TE and conventional PV at different ambient temperatures.

5 Annual output and preliminary economic analysis

To predict the annual performance of the new PV-TE system, a numerical simulation program written using Matlab has been developed. The Efficiency comparison of PV, novel PV-TE and conventional PV-TE

with different solar radiations was shown in Fig. 12. The electrical efficiency of the conventional PV-TE is the highest one, and that of the PV is lowest one.

Py
[ Novel PV-TE
- |HIl Conventional PV-TE

0.12

0.10

0.08

0.06

0.04

Electrical efficiency

100 200 300 400 500 €00 700 800 900 1000
Solar radiation W

Fig. 12 Efficiency comparison of PV, novel PV-TE and conventional PV-TE.

Fig. 13 showed the flow chart of the computation process for the PV-TE system. In the present simulation, the PV-TE system would collect the solar energy. The weather data were provided by EnergyPlus. The

weather data in half an hour is the average value, so the weather data changes every half an hour.
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Fig. 13 Flow chart of the computation process for the PV-TE system.

For the conventional PV-TE system, the economic advantage to the conventional PV system is existent. So the key issue in this study is that whether the proposed new PV-TE has the advantages in the efficiency

and the economy than the common PV system. The annual electricity outputs of the novel PV-TE system, the conventional PV-TE system and the PV system were shown in Fig. 14.

Il PV system
Novel PV-TE system
Il Conventional PV-TE system

Electricity kWh

1 2 3 4 5 6 7 8 9 10 11 12
Month

Fig. 14 Electricity production comparison of PV, novel PV-TE and conventional PV-TE systems in Hefei.

In winter, the electricity difference between the new PV-TE system and conventional PV system was lower than that in summer, which may be because the low ambient temperature was benefit for the
conventional PV system. From Fig. 14, it can be seen that the new PV-TE system can attain more about 6.44 kW h annual electricity output than the conventional PV system with the same area in Hefei (31°53'N,

117°15E) in the eastern region of China. And the conventional PV-TE system can attain more about 5.40 kW h annual electricity output than the novel PV-TE system.

From the view of the investment and return, the efficiency is just a factor, and the economic factors such as the ratio of output to input are also important. For the new PV-TE system, besides of the same PV
area with the conventional PV, it has a micro-channel heat pipe, a TE module and a heat sink, and the extra costs were shown in Table 2. However, for the conventional PV-TE, due to the pair-arrangement between the
PV and TE module, the extra costs is high with the same area, which can be approximately calculated (¥22 * 1.2 * 0.18/0.055% = ¥1570), which is about 41 times higher than the extra costs of the new PV-TE. At the
same time, the extra annually electrical production of the conventional PV-TE is just 2 times higher ((6.44 + 5.40)/6.44 = 2) than that of the new PV-TE. Therefore, the new PV-TE has the economic advantage than the

conventional PV-TE.
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Table 2 Extra costs in novel PV-TE system.
Module Micro-channel heat pipe TEG Heat sink
Cost ¥15.0 ¥22.0 ¥1.0

Therefore, in this section, the comparison between the new PV-TE system and the conventional PV system will be presented. The present section regards the economic analysis of the system, where the

parameter concerning the electricity cost will be ¥1.20/kW h. The basic methodology is deployed for the calculation of the economic performance.

The coefficient that correlates a future cash flow with a present value is called the present value coefficient and is given by the following Eq. (35).

CF,_y = —Fi=0 (35)
=T 0 +p"
wWhere r is the interest rate.
The net present value (NPV), which is actually the present value of the total cash flows during the economic life cycle of a system, is given next by Eq. (36).
" B_.—C,_;
Npy=Yy (36)
oA+’

where B is the present value of the benefit; C is the present value of the cost; j is the time period.

The Pay-Back-Period (PBP) is the time-period in years required for the NPV to reach a zero value and is found by solving Eq. (36) with NPV = 0. The higher NPV means the more profit during the life cycle. In
this section, due to the two systems have the same area of PV, so it only needs to calculate the PBP of the extra investment. In this section, it is assumed that the labor and maintain costs of the new PV-TE system are
the same as that of the conventional PV system. Thus the recovery cost of the extra investment will be achieve in six years (Fig. 15), which means from the sixth year, the new PV-TE system has a higher ratio of output

to input than the conventional PV system. Therefore, the new PV-TE system constitutes from the techno-economic aspect a more efficient solution for the power production.
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Fig. 15 Pay-Back-Period of the novel PV-TE system.

6 Conclusion

In this paper, the conceptual development of a novel photovoltaic-thermoelectric system was presented. The performance comparison between the new PV-TE system and the conventional PV system was

demonstrated under different ambient conditions. The preliminary economic analysis was also made based on NPV, which indicated that the PBP of the additional investment is approximately six years.

In conclusion, the new PV-TE system has many advantages than the conventional PV-TE system and PV system: (a) The micro-channel heat pipe can reduce the amount of TEG and save the cost significantly
than the conventional PV-TE system; (b) Micro-channel heat pipe has a higher heat transfer performance than the common heat pipe, so the new system has a high heat transfer performance; (c) Flat plate structure of
the micro-channel heat pipe can be lamination with the PV and TE well and reduce the contact thermal resistance significantly between them; (d) The low temperature gradient can keep a high electrical output of PV

and TE; (e) Comparison with the conventional PV system, the PV-TE has the higher output performance and economic value.
©2017, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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e A novel PV-TE system was presented.

e Mathematical model of the system was built.

¢ Performance under different ambient conditions was analyzed.
e New PV-TE and the conventional PV were compared.

¢ Preliminary economic analysis was demonstrated.
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