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Effect of Secondary Concentrator with Straight Funnel on Performance of
Single-Spectrum Xenon Lamp-Thermophotovoltaic System

Liu Xiuli, Chen Xue', Sun Chuang, Xia Xinlin
School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150001, Heilongjiang, China

Abstract A test system is designed for evaluating the characteristics of single-spectrum radiant energy-electricity energy
conversion of thermophotovoltaic cells. A band-pass filter and a secondary concentrator with a straight funnel are used to
achieve single-spectrum and directional radiation transmission between the xenon lamp and the thermophotovoltaic cells
with adjustable energy flux density. Based on Monte-Carlo ray tracing method, the spectral radiation transmission model
of the xenon lamp-thermophotovoltaic test system is constructed. The distribution characteristics of radiant energy flux on
the cell surface are analyzed, and the effects of opening size and height of the secondary concentrator are discussed.
Meanwhile, the current-voltage curve, output power, and thermoelectric conversion efficiency of GaSb cell under single-
spectrum and high energy flux radiation are theoretically calculated. The results show that the introduction of a secondary
concentrator can effectively improve the thermoelectric conversion performance of the thermophotovoltaic cells. The
radiant energy on the cell surface increases by 105.3% , with the uniformity reaching 95% , and the output power of the
cell increases by 109.1%.

Key words geometric optics; thermophotovoltaic system; secondary concentrator; thermoelectric conversion; Monte
Carlo method
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Fig. 4 Simulation diagram of system optical path

—o— H,=40 mm|
—®—H =50 mm
—*— H =60 mm

L

25 30 35 40 45 50 55 60 65
L, /mm

KI5 RAREGRASFIF 0 RS A b 3R 1 1Y e A2 4k
Fig. 5 Variation of received energy on battery surface under

different opening sizes of aggregator

T RS S5 EEE SRR GE15%) . Y E
T =k RO H9 5 B S 50 mm, F RS 30 mm
B, 5 S Y A0 B B R B T 98. 08 %4, i i T H A IR
FORCHRF R 450 B o el D, RSB 88 I 11 A9 28 £k i
AT AL et B B A T R 2 b 2 1Y BB
A .

LA K SR R BER RN 6 R A X 5 BE B SR F L 24
BCE S R BOE I 0 L,=35 mm i}, B 9,=

(a) q/(KW-m2)
600.0
537.5
475.0
4125
350.0
287.5
225.0
162.5
100.0

100
98
96 -

E 94+

92}
?90_

Q
5 88
86 -
84t
82t | T
25 30 35 40 45 50 55 60 65
L, /mm

FL6  SRIGas TT O RS IAS [l v vt 2 T A i 55 189 50 2
Fig. 6 Radiation uniformity of battery surface under different

opening sizes of aggregator

10.5°, A LAV R R & BE I 2ok . BTN T Hy=
50 mm. L,=35 mm 1l H, =50 mm .L,=60 mm M f
BT FOG AR Lt R T A RE R () A Rl W LLR
R B R — B SO L S L=35 mm i, HiLiih
25 TH AR B Y e By 130,92 W, M 24 L, =60 mm i ,
FL YL % T 4 0 Y R A 74,31 WL RTE RS E
1. 76 f5 , BRIF 10 RSF B AS [R] 25 fff 350 OR Ha Jth 36 18 11 g
HAMEAHEES,

(b) q/(kW-m2)
600.0

537.5
475.0
4125
350.0
2875
225.0
162.5
100.0

B 7 B AE TIOR8 % B 43 A B o (a) H;=50 mm, L,=35mm;(b) H,=50 mm, L,=60 mm
Fig. 7 Energy flux density distribution under different opening sizes of aggregator. (a) H,=>50 mm, L,=35 mm; (b) H,=50 mm, L,=

60 mm

3.2 HERSIZDRBABNSEZRSH

R 3. 15 A i 25 5 ICE TR < IR
B EEmMMB KRN L=35mm, FEmMHI KL=
16. 5 mm, RPPRFETF FUARAS R 58 8 BE 2 ML . 4
A BT B H 1E 30~100 mm 22 Ja] , 4 8] B& 10 mm Bt —
ANMA, A TracePro 3K 44 HE A7 )6 AL L TT 5, SR E

U =16 R T v B T BAO6 AR A b 3 T A9 BE B0 A, [
8(a) fizs o AT LA H, OB IR i b % 1 422 i 310 A9 i
5] BE Bl H, 0938 i 52 30 5 38 5 9/ 1 e 45,
fE H,=50 mm Z& 47 1 B A . b, B H, 7F 40~
60 mm Z [8], L 1 mm A [a] &, i — 25 T4 H 0 1E -
MEL8(b) AT LA & B H /T 50 mm B, fig i

1508001-4



=42 % F 15 81/2022 £ 8 B/ ¥ ¥R

MRILEX
R4 ] 36 I I A e R % 3 i K s 4 B HL R T
50 mm I, BB BHE I D, (E 2 A0 BE RN AY , 3 2

130 100
@
128}
1261 95
124} <
< 1221 90 5
=
120}
118 180
1161 ——0
—_— 80
30 40 50 60 70 80 90 100
Hl/mm

M, R T HREEA RN, LB H, =53 mm, L
PR R E HA S BEAE 95% VU b

96

1294} )

12921 195
B 1200f 1o
81288}

L Il 93 <
51286}
1284 192
1282 ol
40 42 44 46 48 50 52 54 56 58 60
H, /mm

1

P8 i i B 3% 2 2 il R S 45 1o B HL Y 24K o (2) 30~100 mm; (b) 40~60 mm
Fig. 8 Radiation energy and uniformity varying with aggregator height H,. (a) 30-100 mm; (b) 40-60 mm

B9 g5t T JC B =F O RO A EL e S kR
Yo E H/=53 mm.L,=35 mm.L,=16. 5 mm B} 1) $
SR H T 2R 1T RE It B A A &, TG B SF RO AR
LA B S B SF B 7 B AR o A e T
AL DLE R A B S R R OGS B, H o 3R ] 4

(a) q/(kW-m=2)

> 660.0
590.0
520.0
450.0
380.0
310.0
240.0
170.0
100.0

W B RE =AY N 63. 76 W, LI 1 B9 I A Al 3 i Al
B RE RS F 130, 92 W, M K HB R 5 T 3 #Ok
AR H Y 26 T Y B (105. 3% ), XA EE 1 83. 12%
PR E 95 13% WU RT3 .

(b) q/(kW-m2)

. :

590.0
520.0
450.0
380.0
310.0
240.0
170.0
100.0

PO #AOGAR i it 22 100 B T % BE 23 A5 181 . (a) JC BTG < R BOLAR 5 (b) U B s 2 Bt

Fig. 9 Surface energy flux density of thermophotovoltaic cell. (a) Without straight funnel secondary concentrator; (b) adding straight

funnel secondary concentrator

4 FAH R R

DL TX Crystal 24 ) 25 72 () GaSh #O6G AR H ih
F ), RSF R 16. 31 mm X 14. 64 mm, K T 35 7 54
PLL,=16.5 mmfE N GaSb B 11K . GaSbh Hi i 7E
AT 3R R R A B 10 Fros (B 38 F XA A
PRfit) o R T AR TR AR R AR AL BROY AR
567 28 e BE 2 A B, A HE LR (D AT R (V)
e«(V+IR,)

_Im’ 6
WKN.T ’ (6)

I=1,,— Io{exp

A N 3 Y F e B, B 15 T o W 5 1,

S 8 3k I B i T A BRI 5 e g TR A ) AR DR
R ER IR TT AT e BEL 5 1, by L T FEL 3 5 e Sy HRL AT 8 5 KO 3%
IRZE S WA L, R, HeR IR U
q
In=[1+ (T —298)]- . (7)
A LW ST U 5 & Ol R K, L 0. 00327
R LR L R RN W

L)Ls-( T) .exp[eEgo'(l/Tn— l/T)}’ (8)
T neK

I
el
exp| — = |—1
neN,+K+T
A T, o IR B B 25 °CH EL Rl BRE
HAG 1. 72 eV LA I AR R 5 Vo o FF 5 H T .
3 1 I B I R e A RO A s R
_ VHIR,
=R (10)
KPR, IFBR LB .

A2 3 AT s Rl (7)) ~(10) 1
BN R RS T b R -V i g NE 1T ]
PLE H #OB IR it 7E B S R RS R BOEH
T, %0t vk U B3k HO6 R R 3R T BB i Y
130.92 W, i H 1 e R I %k 0. 023 W/em®s £ A &
TR B OLT L B35 AO6 R 3 3 1w BE R
63.76 W, fi i (19 e K P %4 0.011 W/em?, 55 A
oA, ge R TE 7 105. 3% i T R 2 7 1 109. 1%,
TE B R RSEER 09I A FE AL BOR i 32 TH AR

I,= (9)

1508001-5



o
>
T

Quantum efficiency /%
= =]
S
Q“ﬁm

oo°9°°°°° ’

w,

0.2 04 0.6 08 1.0 1.2 14 1.6 1.8 2.0
Wavelength /um

0F

K10  JX Crystal GaSh F i 1 & 130 R K]
Fig. 10 Quantum efficiency diagram of JX Crystal GaSb cell
Fo BT P, LAV, 0 50 S e R i R R
HE R O R e R i e R

—o— with concentrator
30| —e— without concentrator

I/(mA-cm2)
— — [\] Do
(2] (== (92 S (9]

1.2

K11 A/ TR R Se ook m #oe R it i i 1y -V il 26
Fig. 11 I-V curve of thermophotovoltaic cell output with or

without concentrator

5 %% i

W T —Fh B R BOG T BOG IS R -0
PRI RFE I E 5 A B R EBLds , s A 25k
G AR H 2 T Y G T RE IR R Y A0k . [RIR, )
FHELAE A G R R SR AL T R R G AR AE XS N
O R E D KRR ST O AR M e s 0 -Vl 2R
S I AT AR T DL R I B S IR EBOE TR Ok
T AT - OB R R G L5 & v LU A 8] #40'% AR H it
TEAS TR BRI 5 BE 4R O T i S R 4 b R JF Honl
DL HR vy FL it 2 T RE R W Y SR S B A Hole S IR
B Es T O ST RE BE A 3G R, BOG ARk b 2 1w R0
FI 1 RE 1 E ST 38 K5 /0N 5 T 1 RCSE 59 A8 £k X 34 47 1
ARG NNTIE): 8 DN SRR i3 S0 S N I E N S e
., e RS A G N E N 53 mm JF O
RSP R 35 mme 5K %M R B LR HOGR I &
SAAEE, Tt RGP A i BE R R T T 105. 3%,
H YA EEAE 95% LA I, GaSh Hi |l 1% £ K iy H o R 4
B T109.1%,

£ % x W

[1] Nelson R E. A brief history of thermophotovoltaic

development[J]. Semiconductor Science and

(4]

[11]

1508001-6

$ 425 F 15H9/2022 F£ 8 A/FZH
Technology, 2003, 18(5): S141-S143.
Mustafa K F, Abdullah S, Abdullah M Z, et al. A
review of combustion-driven thermoelectric (TE) and

thermophotovoltaic (TPV) power systems[J]. Renewable
and Sustainable Energy Reviews, 2017, 71: 572-584.
WP, R, XEM, HLORHBRGR /AP V/ TR AR
WFsT R T]. (L THERE , 2013, 32(5): 1020-1024.

Dong D, Qin H, Liu C Y, et al. Research progress in
(PV/T)
Chemical Industry and Engineering Progress, 2013, 32
(5): 1020-1024.

B4, AR RO OGBE Y 1 5T P Xk K B L b 1 RE S
i Fy e TR [T]. K B AE SR, 2021, 42(10): 23-28.

Hu J P, Li Q. Theoretical research of uniformity of light

solar  photovoltaic/thermal technology[J].

spot influence on performance of concentrating silicon
cells[J]. Acta Energiae Solaris Sinica, 2021, 42(10):
23-28.

TEVE . B T an 250 1 D' 1 8 45 B HAE K BH BE O AR
D] F s HRUR S, 2019.

Wang Y. Spectrum regulation based on micro nano
structure and its application in solar thermal photovoltaic
[D]. Nanjing: Nanjing University, 2019.

Wang C L, Gong J H, Yan J J, et al. Theoretical and
experimental study on the uniformity of reflective high
concentration photovoltaic system with light funnel[J].
Renewable Energy, 2019, 133: 893-900.

g, e, W5, & BT M G B0 1k 59 oK FH BE
/A R W s AR O R AR R B 1A I ST, S
ik, 2021, 41(10): 1022001.

Yan J, Nie D Z, Tian Y, et al. Optimal design of
concave lens for flux homogenization of solar dish/cavity
collector system[J]. Acta Optica Sinica, 2021, 41(10):
1022001.

Singh P, Ravindra N M. Temperature dependence of
solar cell performance: an analysis[J]. Solar Energy
Materials and Solar Cells, 2012, 101: 36-45.

Singh P, Singh S N, Lal M, et al. Temperature
dependence of I-V  characteristics and performance
parameters of silicon solar cell[J]. Solar Energy Materials
and Solar Cells, 2008, 92(12): 1611-1616.
Zhang C, Tang L L, Liu Y, et al

thermophotovoltaic optical cavity for improved irradiance

A novel

uniformity and system performance[J]. Energy, 2020,
195: 116962.

Zhang C, Liao Z H, Tang L L, et al. A comparatively
experimental

study on the temperature-dependent

performance of thermophotovoltaic cells[J]. Applied
Physics Letters, 2019, 114(19): 193902.

Sametoglu F, Celikel O, Witt F. A differential spectral
responsivity measurement system  constructed  for
determining of the spectral responsivity of a single- and
triple-junction  photovoltaic  cells[J]. The European
Physical Journal Applied Physics, 2017, 80(2): 21001.
[LinkOut]

PSR, TR L, A AP, Ak S AN R PE AL I A o
PEREMIAT 72 [T). 15 B R ShriEdL , 2020(9): 49-53.
ShiQ, Zhang Y T, Yu Y L, et al. Research on electrical



& 42 % 15 89/2022 £ 8 A /FE2R

[15]

performance measurement of silicon heterojunction solar
cells[J]. Information Technology &. Standardization, 2020
(9): 49-53.

Mellor A, Domenech-Garret J L., Chemisana D, et al. A
two-dimensional finite element model of front surface
current flow in cells under non-uniform, concentrated
illumination[J]. Solar Energy, 2009, 83(9): 1459-1465.
Khvostikov V P, Khvostikova O A, Gazaryan P Y,
et al. Photovoltaic cells based on GaSb and Ge for solar
and thermophotovoltaic applications[J]. Journal of Solar
Energy Engineering, 2007, 129(3): 291-297.

TRk IE . 2285 K PR RE Tt G R e b I K R GO R A
WFFE[D]. Kt WL Tk K27, 2007.

Zhang X F. Research on optical system in multi junction
solar cell spectral response test system[D]. Tianjin: Hebei
University of Technology, 2007.

LR, R RBUE, LR T RO R 1
A A B E s o S HERE M LT 2050 5 0L
[LF#, 2011, 40(2): 262-266.

Ru Z Q, An Z Y, Song H L, et al. Design and
performance analysis of total reflection-type secondary

optics in concentrated photovoltaic module[J]. Infrared

[18]

[20]

[21]

1508001-7

and Laser Engineering, 2011, 40(2): 262-266.

WL, XA, 585k, 4 BOUBH —uotEoc ik
it 5 HE5E ] JesE iR, 2015, 35(3): 0322006.
Yang G H, Liu Y Q, Yao S, et al. Optimized design and
research of secondary optics in concentrating photovoltaic
module[J]. Acta Optica Sinica, 2015, 35(3): 0322006.
Gong J H, Wang C L, Gong C Y, et al. Study on the
uniformity of high concentration photovoltaic system with
array algorithm[J]. Solar Energy, 2017, 153: 181-187.
Abo-Zahhad E M, Ookawara S, Radwan A,
hybrid  jet
microchannel cooling device for thermal management of

et al.
Numerical analyses of impingement/
high concentrator triple-junction solar cell[J]. Applied
Energy, 2019, 253: 113538.

gt , 262, B AR TS B ST RE W A 1Y K A
30/ =AY I R R G e R T S 0], K A
%4/, 2020, 41(7): 202-213.

Yan J, Peng Y D, Cheng Z R. Optical characteristics of

1=
B
1=
B

solar dish concentrator/triangular cavity receive system
with uniform flux distribution[J]. Acta Energiae Solaris
Sinica, 2020, 41(7): 202-213.



	1　引        言
	2　单光谱氙灯-热光伏测试系统设计
	3　测试系统中直漏斗二次聚光器的设计分析
	3.1　直漏斗二次聚光器的开口影响分析
	3.2　直漏斗二次聚光器的高度影响分析

	4　热电转换效率
	5　结        论

