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3DÚà1^�e���U1Ïu>XÚ¥, du��1¥�3¤kÅã�1f, 
Ù¥�k�Ü©U
��
�>³^5u>, Ù{�Ü©?\��>³����Ø¬�^uu>, �
¬C¤9þ¦��>³,§, l
¦>
³1>=��Çeü. �©�O
�«à1�äk©ªõU���U>9é�XÚ, |^�à��r�ßºÚ1Ì
ÀJ5ßLæ�Uõ��>³L¡�\�1�¸, 3à1�Ó�òØ|u1Ïu>���1Åã��¿\±Â8
|^. ©Û(JL², ��Ó^�eDÚ��?1à1�1ÏXÚ�', ü?ß� - ��à1©ª>9é�XÚäk
�p���U|^�Ç.
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�Xz�U
� &, �2)U
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|^¥�­�5ÅÚþ,. ��U;þ´L, '
ÀÃÀ/, ´ékmuÚA^cµ��2)U

��. ��U19|^Ú1Ïu>´)ûFÃî
­�U
¯K�k�å». �du1Ï>³d�
[B, ¦���U1Ïu>¤��p. �
ü$u
>¤�, Ï~æ^à1Eâ±!�1Ï>³�¦
^þ [1,2].

�éu�?1à1u>���U1ÏXÚ5
`, Ó�äkà1Ú©ª!l
Uò\���U?
11ÏÚ19ü�¡|^�©ª>9é�XÚ�
oN�Ç��p. Ù`:´: 1) ò\���Ë�?
11Ì©l�, �Ü©?1u>, ,�Ü©?19
|^, é��U��N|^�¿©; 2) òé��>
³Ã��Ü©ù	Úb	Ë���lm��>³
��, Ó�à1ÚÑ9^�e, ��>³�§,¬
~�, ��>³�1>=��Çò¬Jp.

��K|�cJÑ¿�O
ü?��à1©

ª>9é�XÚ [3], Ì��)à1ì!©ªì!
��>³Ú��U89+. Ù¥, à1ì´Qª�
�à1¡, 
©ªì�äN�O�±ë�·��c
�ó� [4]. Ùó��n�: \�1²��ì���
¬à�©ªìL¡, 1�²©ªì�^�, �Ü©
�����>³L¡?1u>, ,�Ü©ÏL©ª
ì���U89+�Â, ©ªì�`z�Oæ^�
´ Needle { [5−7]. duà1ì´Qª��à1¡,
ÏdXÚ�¢SA^É�
�½���. �
�±
é��U?1��5��à1©ª>9é�|^,
�©JÑ�«#�à1©ª>9é�XÚ.

2 ü?ß� - ��>9é�XÚ�n

ã 1 ´�©JÑ�>9é�XÚ, Ì�d�à
�.�r�ßº!]ßº!©ªì!��>³Ú
��U89+Ê�Ü©|¤, �Ü©��^Xe.

1) �à�.�r�ßº: >9é�XÚ�à1
ì, �^´é\��²1��1?1¬à.

2) ]ßº: ´^5ò�à1ì¬à���1­
#C¤²11, �d, ]ßº��:7L��à�
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�r�ßº��:­Ü.
3) ©ªì: æ^1ÌÀJ5ßLæ�, ¿òÙ

Û3��>³L¡, ^±é1?1©ª.
4) ü¬7��>³: ´1Ïu>��, é²L

©ªì?n�\�1?1|^.
5) ��U89+: ²©ªì�^������

U89+�Ù{��U�89+áÂ?19|^.

�
ã 1 ü?ß� - ��>9é�XÚ«¿ã

3 >9é�XÚ�êÆ�.

ü?ß� - ��à1©ª>9é�XÚ�ê
Æ�.Xã 2 ¤«. �à��r�ßº�°Ýb�
� D, �å� f , F ��r�ßºÚ]ßº�Ó�
�:, ��>³�� w, �� α �A� 45◦, ��U
89+��»� R.� ��� � ��� �	 


ã 2 >9é�XÚ�êÆ�.

�â1 2 !�0�, ��89+��»I÷v

e��¦:

2R > w/
√

2. (1)

�à��r�ßº´dNõ�k3�é¡ü
��¤�, ùpb½z�k3��¸°Ñ��, ^ L

L«, 
ål�r�ßº¥%���ÝØÓ, z�
k3�¸p H Úk3� ϕ Òk¤ØÓ. XJ,
k3�¥%:å�à��r�ßº¥%��ål
� d, Kdk3�� �� γ ���

γ = arctan
(

d

f

)
. (2)

k3���K�d (2) ª��:

ϕ = arctan
(

sin γ

n − cos γ

)
, (3)

d?, n ��à��r�ßºá��ò�Ç. 2d
ã 2 ¥k3��¸p¸°'X��:

H = L tanϕ. (4)

d (2)—(4) ª, �à��r�ßº�äNº�
Ò�±(½e5. ßº�n�1Æ�Ç�

η1 = T1

∑
i

T2−i, (5)

ª¥, T1 ��r�ßº1�\�¡�U6ß�Ç,
T2−i ��k3�.¡�U6ß�Ç. b��à�.
�r�ßº��å f � 300 mm, °Ý� 601 mm,
ßºá�� PMMA, nØAÛà1�ê� 20; ��
>³°Ý� 38 mm (�´©ªì�°Ý), \���
1U6�Ý� 1000 W/m2. @o\���1²�à
��r�ßºÚ]ßº�^�3©ªìL¡�U
6�Ý©ÙXã 3 ¤«.

ã 3 ©ªìþ�U6�Ý©Ù�¹
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4 ©ªì��O

��©ªì, n��1ÌÀJ5ßLæ�AT
äkXe5�:

τλ =

 1 (0.38 µm < λ 6 1.1 µm),

0 (λ > 1.1 µm),
(6)

ρλ =

 0 (0.38 µm < λ 6 1.1 µm),

1 (λ > 1.1 µm),
(7)

Ù¥, τλ �1ÌÀJ5ßLæ��1Ìß�Ç,

 ρλ �æ��1Ì��Ç. |^ Nb2O3 Ú TiO2

��pò�Çá�, SiO2 ��$ò�Çá�, |
^ Needle {?1`z�O, �ª���1ÌÀJ5
ßLæ�(�Xe:

A 0.0023H1 0.3644L 0.0886H2 0.016L 0.134H1

0.5043L 0.1314H1 0.0764L 0.1015H2 0.8861L
0.0008H2 0.1421H1 0.1356L 0.2417H2 0.0383L
0.0289H1 0.8956H2 0.0834H1 0.0371L 0.1553H2

0.1370L 0.0612H2 0.7611L 0.0884H2 0.1017L
0.0867H1 0.5431H2 0.0805H1 0.1438H2 0.1611L
0.1153H2 0.2557L 0.1321H2 0.0916L 0.1085H1

0.5535H2 0.1476H1 0.065L 0.0664H2 0.7487L
0.0904H2 0.0718L 0.1152H1 0.4664L 0.1309H1

0.0149L 0.1067H2 0.3509L G
ùp, A �\�0� (�í), G �Ä.á� (=ü
¬7>³), H1 �L Nb2O3, H2 �L TiO2, L �
L SiO2. 1�\��� 0◦ Ú 45◦ �©ªì�ß
�ÇÚ��Ç­�Xã 4 Úã 5 ¤«.

ã 4 ©ªì�1Ìß�Ç

ã 6 ÚL 1 K�Ñ²©ªì�^���Ë�U
3��>³Ú��U89+þ�1Ì©Ù�¹ (é

Au1�\��� 45◦). |^L 1 ¥�êâO��
�, � 92.59%�k�Ë�?\�
��>³¥, 

� 59.29%�Ã�Ë��©ªì��lm��>³.
o���Ë�U¥, � 18.08%�©ªì�����
U89+þ?19£Â.� �� �� � � � � � � � � � � � � � � ��� 	 


� �� � �
ã 5 ©ªì�1Ì��Ç� � �� � �� � �� � � � � � � � � � � � � � � ��� 	
�� 	

��

� �
ã 6 ©ªì�^����Ë�U6�Ý©Ù

L 1 ��Ë�U6�Ý©ÙÚO

\�Ë�/µm 89+/% ��>³/%

0.38—1.1 5.85 73.06

> 1.1 12.23 8.40

5 >9é�XÚ��Ç©Û

�â Planck ½Æ, §Ý� T �çN�1ÌË�
å�

Eb,λ,T = c1λ
−5/( ec2/λT − 1), (8)

ª¥, c1 Ú c2 ©O�1�!1�Ë�~ê. XJ�
à��r�ßº�nØAÛà1'� N , ²þ1Æ
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�Ç� η1, ]ßº�1Æ�Ç� η2, @o©ªìL
¡�\�1�U6�ÝÒ�±L«�

I1 = η1η2N

∫ ∞

0

Eb,λ,T dλ. (9)

��>³L¡�\�U6�Ý�

I2 = η1η2N

∫ ∞

0

τλEb,λ,T dλ, (10)

ª¥, τλ �©ªì�1Ìß�Ç. 
�©ªì��
���U89+þ�U6�Ý�±L«�

I3 = η1η2N

∫ ∞

0

ρλEb,λ,T dλ, (11)

Ù¥, ρλ �©ªì�1Ì��Ç. XJ�©ª�
��>³1>=��Ç� ηs1, ©ªì�^e��
�>³1>=��Ç� ηs2, ��U89+��Ç
� ηt, @oü?ß���à1©ª>9é�XÚ�
o��U|^�Ç ηT-R �±L«�

ηT-R =
η1η2

σT 4

(
ηs2

∫ ∞

0

τλEb,λ,T dλ

+ ηt

∫ ∞

0

ρλEb,λ,T dλ

)
, (12)


�|^�à��r�ßº?1à1
Ø?1©
ª�1ÏXÚ���U|^�Ç ηc A�

ηc = η1ηs1. (13)

Ï~�¹e, ��U89+��Ç´��u�
�U>³��Ç�, 
du©ª^�e���>³
§Ý��Ó�¹e�©ª���>³§Ý�$, Ù
�ÇÒ�p, ÏdATk ηs1 < ηs2 < ηt. b�kX
e'X:

ηt = ηs2 + ∆η, (14)

Ù¥, ∆η �u 0, @o (12) ª�±L«�

ηT-R = η1η2ηs2 +
η1η2∆η

σT 4

∫ ∞

0

ρλEb,λ,T dλ. (15)

Ï~�¹e, 89+��Ç ηt � 80%�m$��
p, ]ßº�ß1Ç η2 ��Ø�u 90%. XJ��
r�ßº�Ç η1 � 0.9, ]ßº�Ç η2 �� 0.9—
0.95, �©ª>³��Ç ηs1 � 0.14, 89+�Ç ηt

� 0.8—0.9, ©ªì��'ëêÒ�1 4 !¥`z

�O���æ�ëê, b�à1�ê� 30, |^
L 1 O�Ñ©ª����>³�Ç��Jp 20%,
= ηs2 � 0.168. ò±þ�êâ�\ (13) Ú (15) ü
ª, �¦Ñ ηc � 0.126, ηT-R ���� 0.229—0.257,
=ü?à1©ª>9é�XÚ�o�Ç�'�Ó
à1^�e�1ÏXÚo�ÇnØþpÑ 81.8%—
104.0%.

3Ý\¤��¡, XJb�à1�ê� 30, \
���1� 1000 W/m2, ��>³� 20 cm×500 cm
5� (= 1 m2), @o>9é�XÚ¥��éA��
�U89+Ú]ßºEd� 4000 �, à11Ï
XÚ�Ç� 0.126, >9é�XÚo�Ç���
�Ú����²þ� 0.243, ²þzUFì�m
� 8 h, @ozU>9é�XÚ�)�pÑ1ÏX
Ú�9U� 30× 1000× (0.243− 0.126)8× 3600 =
101.088 × 106 J, ù��u 3.45 kg IOu�)�
9þ, �Ü 5.2 �. âd�O, � 4000/5.2 ≈ 769 d
(� 2.1 y) �Â£O\�¤�. 
��U89+�¦
^Æ·�� 15 y, ]ßº¦^Æ·K�È, l�N
5w, >9é�XÚ�éu1ÏXÚ�Ç�Jp¤
�5�|Ã, ��u¤��Jp.

6 ( Ø

éü?ß� - ��à1©ª>9é�XÚ�
ó��nÚ�|¤Ü©õU?1
0�, ¿éÙê
Æ�.?1
©Û, Ó�©Û
©ªìL¡�¬à
1U6�Ý©Ù�¹. �O
·^u>9é�XÚ
�©ªì, ¿é©ªì�^e���Ë�U6�Ý
©Ù?1
O�Ú©Û, (Jw«, � 92.59%�k
�Ë�?\�
��>³¥, � 59.29%�Ã�Ë�
�©ªì��lm��>³. o���Ë�U¥,
� 18.08%�©ªì�����U89+þ?19
£Â. éü?ß� - ��à1©ª>9é�XÚ�
o�Ç�©Û(Jw«, Ù�Ç�pÑ�Ó�¹e
�à11ÏXÚ�Ç� 81.8%—104.0%. 
>9é
�XÚ�éu1ÏXÚ�Ç�Jp¤�5�|Ã,
���uÝ\¤��Jp.
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Design and analysis of two-stage transmitted-reflected
concentration PV/thermal system with spectral beam
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Abstract

For the traditional photovoltaic (PV) system which is under a full spectral concentrating condition, only a part of solar energy can

be used by solar cells for PV power generation, the other part is not effective for the PV power generation and can result in temperature

of solar cells increasing. High temperature can reduce the PV transformation efficiency of solar cells. In this study, a concentration

PV/thermal system with beam splitter is proposed, which is composed of a linear Fresnel lens, a concave lens, a beam splitter, solar cells

and a thermal receiver. The selective transmission coating on the splitter is designed to improve the incident condition of the sunlight

on the surface of solar cells and reflect the noneffective part of sunlight to the thermal receiver for recycling. Theoretical analysis of the

PV/thermal system is made and the results show that compared with the traditional concentration PV system, the two-stage transmitted-

reflected concentration spectral beam splitting PV/thermal system has a high efficiency.

Keywords: solar energy, spectral concentration, fresnel lens, PV/thermal system
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