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Optimization of Storage Operation Strategy for Solar Aided Coal-Fired

Power Generation (SACPG) System

HUANG Chang HOU Hong-Juan DING Ze-Yu XU Ke-Ke YANG Yong-Ping

(School of Energy and Mechanical Engineering, North China Electric Power University, Beijing 102206, China)

Abstract Solar aid coal-fired power generation (SACPG) technology has been proved to be an

efficient way in the utilization of solar energy. Different from solar-only generation, operation strategy

has big impacts on performance. In this paper, a math model of parabolic trough solar field integrated

with coal-fired unit has been established. Annual performance of SACPG system is analyzed under

different storage capacity (hours) and solar multiple, and the effect on the levelized cost of electricity

(LCOE) of SACPG system can be obtained also. Based on it, optimization of operation strategy

could be found. The results show that the first operation strategy is the most suitable strategy of the

SACPG system. The minimum LCOE is 0.064 $/kWh with 0.5-hours storage capacity and 1.2 solar

multiple.

Key words SACPG system; annual performance; storage system; operation strategy; LCOE

0 Î ÏÐÒÑÒÓÕÔ×ÖÒØÒÙÕÔ×ÚÒÛÒÜÒÝÒÞÒßÒàÒáãâ¢äÒÖÒåæ×çÒè ÐÒÑÒéÒê'ë4ìÒíÒîÒïñðÒòñÝñóÒô'õ4öñ÷'â4øù ÐÒÑÒÓÕÔ×úÒûÒüÒýÒÝÒþÒÿ������������ÒÞÒß����
	�
 õ�����Òü����������ÒÐÒÑÕÔ��������������
����� ��Òü��ÒÓÕÔ� �!ãâ�"������Òä���#ÒþÒÐÒÑÔ%$ Ý'& ü'(') ÿ ü

[1]
õ'Ù+*%,'� ó''� ü å'�

- ÐñÑñÓ Ô úñûñå. .�.�ñÝ./.0.1.2.3
1975 465

Zoschak 7 Wu[2]
#.8

, 9.:.; 7 <.=.> .�ñü -
800 MW

ÐÒÑ�?�@Òå� ���AÒÝ ;CB âED�8���Òü -F�G úÒûÒÝÒå� �H�I�3�J�K�Lãâ�M�N�O�P�Q������
�.R.SñÝ.T.U'õ

YING You 7 Hu Eric [3,4] V �ñÚWÒÝ�X � ; ��Òü�Y�Z�[�\��ÒýÒÝ���Òü - ÐÒÑ�]^ Ó Ô4ú û_�_� Ý_`_a_b_c_Q_d_e_f õhg_i_jlk âh�

m� ümnmompmqmr î Ôs� Ýmtvum�v� FvG âw?v@Ý��Òÿ�x�O�y��Òÿ�x�z���{�#Òþãõ
YANG Yongping|

[1,5−9] ; }� ü}[}\ Ð Ñ}?}@}]}^ ÓÕÔQÝÒå} �?è ë å_ _�_A_O_~_�_�_�_b_c}Q_d}/}0 õ��_�
[10] �

; ��Òü - =�>���� ÐÒÑ�?�@����ÒÝÒå� ���Iãâ�ef}d}�}M}N}�}�}O 4 b ü õ����{��ãâm��TÒÝ�/�0��ÒßÒå æ�� ]�^ÒÓÕÔ×úûÒÝ�bÒü�e�fãâ���� � ; ]�^ÒÓÕÔ×úÒû�����P�Q����`��ÒÝ�/�0ãõ�� B ��� ��Òü��.�ÒúÒû'â�]�^ñÓÔ×úÒû 5 � å� �d��Òû�yÕÔ�?�@ãâ�������P�Q����
=������ � ���ÒúÒû��� ãâ ÷���¡.c���¢./�0'õ�!£�¤�¥�I���Òü�[�\�¦ÒÐÒÑÒÓÕÔ×úÒû�Z�§ãâ�e�f�d
3

3 < �}�}P}Q}�}�}¨ Ý}}� ü - Ð Ñ}]�^ Ó Ô×ú
©«ª¬¯®E°

2017-01-05; ±«² ¬¯®E° 2017-02-17³«´«µ¶ °¸·«¹«º«»«¼«½ �2�2P«¾«¿«ÀÂÁÃ (No.2015CB251505) Á�q«Ä«Å«Æ ¼ �«ÇB�«È«ÉÂÊ«ËÂÁ«Ì«Í (No.2016XS26)Î«Ï«Ð«ÑE°¸ÒÔÓ
(1993– ) CÖÕDCÖ×«Ø«Ù«Ú«ÛDCÖÜ«ÝB|cCÖÞÂß«àÂá J2K 92gB\2]2�B�Db

《
工
程
热
物
理
学
报
》
版
权
所
有
 

 
 
 
 
 
ht
tp
:/
/j
et
p.
ie
t.
cn

ch
in

aX
iv

:2
01

70
3.

00
44

2v
1

ChinaXiv合作期刊



454 ? @ gãâãä 8ãå 38 �
û Ý 4 b ü_O LCOE

âæ`_�_�_�_P_Q_�_� âæZ__� ü
[}\ Ð Ñ}?}@ Ý}`}�}M}N}# Û è}ç O}è}é}ê}é õ
1 ëíìíîíï¥�I���Òü�[�\ÒÐÒÑÒÓÕÔ×úÒûÒÖ�������Òü��
Y�Z�[�\��Òýãâ�ð�ñ�ò�ñ�e�n�o�ó��ÒÐÒÑ�?�@ÒÝ�ô
õ þ��Cö���t�u���� F�G â�÷�n�oÒÝ�t�u�ø�ù�3�u
ú�? æ�û�ü â ø ù ��Òü�[�\ÒÐÒÑñÓÕÔ õ úÒû�ý.þ
ý

1
{�ÿãâ�¥�I���ÒüÒå�������DÒÝ���Òü�� 9�:� G�� ���}�}� F}G â¯ê����}o

#3
ë

#2
ë

#1
þ}� ö

�}�}��� æ Ý}t}u õ
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Fig. 1 scheme of a SACPG system
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2.1 ���������åv���������v�v���v{���� �ãÝ��� �!� 'ü
Qreceive (W/m2)

�}j}ÿ
:

Qreceive=

(

IDNI · cos θ + (NSCA − 1) ·

IDNI · cos θ · R

)/

NSCA (1)

I æ â
IDNI

Z"�" "!" "# �
(W/m2) $ cosθ

Z__�_�
�� }X�%�& $ NSCA

Z å}��� *Qå}��� Ý�'}è $ R
Zå}��� Ý�(�)�*�+ ú}è $���v���ãåv���v�ãåv��,�-��ãÝ  ��!� 'ü

Qabsord/(W/m2)[6] .
Qabsord = IDNI · cos θ · CIAM · R · Qendloss·

ηfield · ηHCE · Poper

(2)

I æ . CIAM

Z_�" _X"*"+ ú_è $ Qendloss

Z å_�"�"/0�1�2 $ ηfield

Z å}���}�}W ÿ}x $ ηHCE

Z å}��,}�
W ÿ}x $ Poper

Z å}���}P}Q B § â ð}ñ}P}Q�3���4Z
1
õ

ö�5Õâ6�����v�v���ãåv�����vDãÝv�ãÿv� �
Qcol/(W/m2)

Qcol = Qabsord − Qloss (3)

� æ â
Qloss

Z×å��7�7,78 172 O7-��7� 172
(W/m2 )[11]

õå}��� ÿ}x}N�9�:}I}þ}¨ .
ηjrc =

Qcol

Qreceive
(4)
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M"A"B ÿ_x_3_¥_I__� ü å_�"�_�_�_T"K à"L = ~ âÑ�M � (kg/h)

� 5 I�H}j}ÿ}Z .
mcoal =

mms (hms − hmw) + mrs (hro − hri)

qcoalηb
(5)
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mms

ë
mrs

Z'�ON'uOP �'7OQ �ON'uOP � â
kg/h $ hmw

ë
hms

ë
hri

ë
hro

Z�A�B��SR7T F�G�U ëVAB�8SR���N�u U ë Q ��N�u�W 0�U ë Q ��N.u��EXU â
kJ/kg $ qcoal

Z�Y�Z Ñ}��4 â
kJ/kg $ ηb
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=
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=

(
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Qcol · Ajrc
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W/m2 $ Ajrc

Z å_�"�_�"� â
m2 $ Pesun
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MW
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Pesun = Pe ·

(

1 −

b

bre

)
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]�^ÒÓÕÔ×úÒû��ÕÔ×ÿ�x��
ηgd

m�j�ÿãâE� 5 I
(9)
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ηgd =
Pesun

DNI · Ajrc
(9)

]}^ Ó ÔQú û}}� ü Ó Ô  }!
LCOE .

LCOE =
(CC · AF) + O&M

Esolar,a
(10)

I æ â
CC

Z�?vv�ãüv�v�ãÐãÑv?v@ãÝ����vKvL
 '! $ AF

Ö 4 !Oz'�'x $ O&M
Z 4 P'QO{O|' ! $ Esolar,a
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3 }�~����
3.1 ��������O�O�O�O�O�O�O�O�O�O�O�O�

300 MW �O��w�w�w�w�w�����w�w�w�w w¡�¢w£S¤¥�w���w¦�§¨�©�ª�«�¬��®�¯�°�± ������²�³��
Q0:3.484×108

kJ/h(96777 kW)
¤´"µ"¶¸·�¹"º

12
�"�"»w¼¾½ ¨ �"�"�"¿"À"Á"Â

DNI 1000 W/m2
��Ã�Ä�Å�Æw¼Ç¦�§ ¨�©�ª�«�¬��È� ®�¯�°�±�É ²�Ê�Ë�Ì��

129164 m2
¼

49 loops
¤ ´Í É ²�Ê�Ë�Ì�Î�¼Ï������Ð�Ñ

(Solar multiple, SM)�
1
¤ Ò�Ó ������Ð�Ñ�Î É ²�Ê�Ë�Ì�Ô

Loop
Ñ�Õ�Ö

1®�×�Ø
Ù

1 ÚÜÛÜÝÜÞÜßÜàpápâpã7äpåpæpç
Table 1 various with solar field area of

different SMè�é
SM ê�ë�ì�í�î /m2 Loop ï

1 129164 49

1.2 152888 58

1.4 179248 68

1.6 202972 77

1.8 229332 87

2.0 255692 97´�ð�ñ �����S�7����ò�ó���»�¼cô�õ ±�ö ���÷�ø ò�ù�ú�û�ü�Ñ�ýw¼ÿþ
DNI

¢���Õ��
2
®�× ¤ÿ������S����� ö ����� °�±���� ó�	�
�¼ Ö

2 ��� ��������� °�������� ¤
3.2 �������������������������� �!�"�#Õ��

3
®�× ¼%$�&

SM '�(  ¼ ´�µ�¶6· 12
���»�������²�)�*�+ ©

#3
Ô

#2
Ô

#1
ª�«�¬��È �w¼²S��,�-/.�0 ´�1�2�3�4�5�6�7 ¢��

3 8�9�: ¤<;������²�=�>�¦�§ ¨�©�ª�«�¬��È ��»�¼c²S��,�-
'@?@A@B ¬ 37.3% C ;"�"�"�"²@D@E (  ¼GF@H % ±������²�I�Jw¼ ²r�K,�-�Î�Lw¤

M
2 NPOPQPRPSPTPUPVPWPXPYPZ

Fig. 2 typical DNI distribution of Lhasa

Ù
2 []\]^]_]`KaKbKcKdKe

Table 2 main cost of SACPG systemf]g hPi hPj
WPXPkPl (DC)ê�ë�ì $/m2 242m ëPnPo $/kWht 31.4pPq

% WPXPkPl 10r XPkPlsPtvuxwPy
% WPXPkPl 15zP{ ux|P}
% WPXPkPl 3.5~P�P�
% WPXPkPl 1.7

M
3 �P�]� 12 TPUP�P�P� SM ��ë]�G�P�P�P�

Fig. 3 heat-to-electricity efficiency under different SM at 12

solar time on summer solstice

´ �
3 � ¼�; SM ��� 1

»w¼�$�&
SM '�(�� ¼������²r�K,�-��

32.5%
¡���� ( ¼�� ´ SM ' =1» ¨���� ��' ¼ 37.3% C ; SM ��� 1

»�¼<$�&
SM' � ( ¼ ² �],@- ' � 37.3%

�@�O¼ ´
SM=2

»@L ¶
20%
��Îw¤
��� ¼ ´ �����S�7²�ó���Ö�� 1 ¼]��²E��� ±� ° ó ��� ��� Ø
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2)
;�������²�©�H�»�¼Pª�H % ± ������¥�¦�«¬w¼%¨ ¬ ������²��õ�-w¤

® ��¯ ¼Ï����¨ �° 3 ± ��²�²�³�´�µ�¼ ð�ñ¢�£�������� ´ Ò�Ó
SM ' Ôv��²�¶�³�Î ± ó���Ö�w¼%·�´�µ�¸�¹�º�³�»�¼w¤

3.3 ½�¾�¿��
3.3.1 ½�¾ 1 À�Á�Â�Ã´�µ

1
ö B ��Ä ��± ²�³�´�µ�¼<; É ²�Ê�Å �± ������² ��� Q0

»w¼ÆH % ± ������²
Q1 Ç ��²����¥�¦�«�¬w¼G;�Å ��± ������² Ò ¤

Q0

»w¼G��²����È  ²�³
Q2

� ¤ ¶
Q0

¼ þ�²�³�É�Ê���Õ��
4®�× ¤

M
4 ËPÌ 1

m ëPnPoPÍPÎPÏ } M
Fig. 4 storage scheme of strategy 1

3.3.2 ½�¾ 2 Ð�Ã�À�ÁÑ�Ò A ° ´�µ 1
´

B
3�4 ���ÔÓK²�³ ´�Õ ¢ ¨©"ª"«"¬""È � ±@Ö@× ÎO¼Ø²@³@,@-@Ù@ÚO¼ØF@Û ´ ´µ

2 � ª�Í 3�4 � ± ������² Q1

¥�¦�«�¬�¼ ´�º
Ü�Ý Â�Å�Æ Ò ¤ »���²�����È  ��²

Q3

¶
Q0

¼ßÞ����²�³ ´ ¦�§ ¨�©�ª�«�¬��È � ±�Ö�× Î�¤cþ�²³�É�Ê���Õ��
5
®�× ¤

3.3.3 ½�¾ 3 à�á�â�ãÑ�Ò A ° ´�µ 2
ª�ä�å

Ò
¤ ¦�§ ¨�©�± �����²�¥�¦�«�¬ ¯�° � ¶�³���²�����¤æF ¯ ¨ �° ��ç²�³�è�� ± ´�µ

3
¤é´�µ

3 � ¼éê�·�ä�å
Ò
¤ ¦�§¨�©�È � ± ������²�¼éë � »�ì�º�³�í�*��E²�ÔéÈ² Ø ´ ë � » ± ä Õ ¢�»�î/ï�ð�ª�������²�¥�¦�«¬�¼é� ´ Í � » ±�Ü Õ ¢�ñ�È  ¬�¼éÞ��E� ´ Í �

»/ï�ä Õ ¢�»�î Ò ¨�©�È ��¼ ´ Ü Õ ¢�¦�§ ¨�©�ª«�¬��È ��¤ò´�µ
3
��ó�ô�õ�¨ ¬ ²�³�,�-�¼òö�÷¯�° ��²���� ±�ø�ù�± ��²�ÔéÈ�²�ú�û�¤@þ�²�³�ÉÊ���Õ��

6
®�× ¤

M
5 ËPÌ 2

m ëPnPoPÍPÎPÏ } M
Fig. 5 storage scheme of strategy 2

M
6 ËPÌ 3

m ëPnPoPÍPÎPÏ } M
Fig. 6 storage scheme of strategy 3

4 üþýþÿ��������ê�· 1��
3 ± ��²�²�³�´�µ�¼���©���� ±���������������S�7����è ø ¼]·��E�E�S� ���

3

± ��²�²�³�´�µ�Î ± ò�ó���º�³ ð�ñ ¢�£w¤
4.1 ½�¾ 1 À�Á�Â�Ã�����S�7����ô�õ�´�µ

1
²�³�¼ Ò�Ó ��² � »Ñ�Î�ò Ý �K,�-
	��������r�K���

LCOE
$�&����
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� ¼Ô.K0�Õ��
7
®�× ¤

M
7 �P� SM ���PËPÌ 1 �]�G�P� u LCOE

Fig. 7 ηgd and LCOE of strategy 1 under different SM

Ç � 7
� ���  ¼<��²���� ´ Ò�Ó ��² � »�ÑÎ�¼éë�í�Å�ò Ý ��,�-/.�0�ì�¥ ´ B�� ,�- ' ¤éëí�Å/.�0�$�&�������Ð�Ñ ± ( �� ð (�� Ü � � ±�! ¼ ´ B!"!# ± SM ' Î Ý �],@- ?@A@B@�@' C

Ó
»�¼é$�&���²�������² � »�Ñ (  ¼%$/. 0 ± B��,�- '�& � (�� ± �� ¤ 6�'�( ±Eö ¼ B�� ,�- '± (�� ö � (�� ��²�������² � »�Ñ�� ©�) ¼ (��° ��� ±���� ���w¤ÿ�������r�K���

LCOE
.K0�$&

SM '@( !*!� ð@L@Ú Ü ( "± �! ¼ ¥ ´ LCOE� ��' C � ©�·,+ ¼ ´ 6
Å

LCOE
.�0 � ¼�-�.�/

0.5 � »@�"²@¶"³@�"²"�"�O¼ ´ SM ' � 1.2
»O¼ �"��S�7�����������S�����

LCOE
¨���� ��' 0.064

$/kWh
¤

4.2 ½�¾ 2 Ð�Ã�À�Á�����S�7����ô�õ�´�µ
2
²�³�¼ Ò�Ó ��² � »Ñ�Î�ò Ý �K,�-
	��������r�K���

LCOE
$�&������Ð�Ñ ±
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4
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� ��L�Ú C $�&��² � »�Ñ�D�E (  ¼æ© � ± ��²�����2�� ° �������ô�õ (  ¼V�������S����� LCOE

$�& ( ¬ ¤ �©�·6+�¼ ´
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Å

LCOE
.K0 � ¼7-
.
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¤
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3
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� ¼Ô.K0�Õ��
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M
8(a) �P� SM �P�PËPÌ 2 �]�G�P�

Fig. 8(a) ηgd of strategy 2 under different SM

M
8(b) �P� SM �P�PËPÌ 2 LCOE

Fig. 8(b) LCOE of strategy 2 under different SM

M
9 �P� SM �P�PËPÌ 3 �]�G�P� u LCOE

Fig. 9 ηgd and LCOE of strategy 3 under different SM
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Ò
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²�³w¼72�� � ³������²�4�5�¼%?�@�������� ±�Ý � ,�-�L�Ú�¤ � ©¢"£@·A+ ¼ ´
6
Å
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LCOE
¨���� ��' 0.062 $/kWh

¤
4.4 C
D
E
F
G��©�·

300 MW
�E�E� � �E� ´
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$/kWh
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^ �`_ È�²�*�Ñw¼ Õ�Ö 3
®�× ¤
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3 3 acbcdcecfÜâhgpäK`Ka`ihjpä`kpá

Table 3 frequency of three strategiesËPÌ l�m�ë�n�ï / SËPÌ 1 o SM=1.2,
m ë�pP� =0.5 266ËPÌ 2 o SM=1.6,
m ë�pP� =3 1014ËPÌ 3 o SM=1,
m ë�pP� =0.5 17365

Ç Ö 3
� ���  ¼<²�³ ´ H
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�����Ð�Ñ�Î�¼��������r�K��� ¨���� ��' 0.064 $/kWh
¼ö

3 ± ´�µ �KB » ± ��²�²�³�´�µw¤�õ ��¤ ��¥��������S�7��ó�/�,���;�§�¦ �§ 	�¨�û�©�ª�¼æÛ�������«�Ä�¬�¼����¥������S�O�P   ��®�¯,°7ö �õ��������S� ± /�,�¸���¤c���ê�·������S� O�P � ��²�²�³�´�µ� �¡ ð�ñ ¼ ®��±�²�� �������S� O�P�± ó���Ôæ����»�¼�¨�³�Ê´�	
?w¤
µ·¶·¸·¹

[1] HOU Hongjuan, YU Zhenyue, YANG Yongping, et al.

Performance Evaluation of Solar Aided Feedwater Heating

of Coal-fired Power Generation (SAFHCPG) System Un-

der Different Operating Conditions [J]. Applied Energy,

2013, 112: 710–718

[2] Zoschak R J, Wu S F, Studies of the Direct Input of So-

lar Energy to a Fossil-fueled Central Station Steam Power

Plant [J]. Solar Energy, 1975, 17: 5: 297–305

[3] YING You, Hu E, Thermodynamic Advantages of Using

Solar Energy in the Regenerative Rankine Power plant [J].

Applied Thermal Energy, 1999, 19: 1173-1180

[4] YING You, Hu E, A Medium-temperature Solar Thermal

Power System and Its Efficiency Optimization [J]. Applied

Thermal Engineering, 2002, 30: 357–364

[5] Hu E, YANG Yongping, Nishimura A, et al. Solar Aided

Power Generation [J]. Applied Energy, 2010, 87(9): 2881–

2885

[6] YANG Yongping, CUI Yinghong, HOU HongJuan, et al.

Research on Solar Aided Coal-fired Power Generation Sys-

tem and Performance Analysis [J]. Science in China (Se-

ries E: Technological Sciences), 2008, 12: 11–21

[7] YAN Qin, YANG Yongping, Nishimura A, et al. Multi-

point and Multi-level Solar Integration Into Conventional

Power Plant [J]. Energy Fuels, 2010, 24(7): 3733–3738

[8] YANG Yongping, YAN Qin, ZHAI Rongrong, et al. an

Efficient Way to Use Medium-or-low Temperature Solar

Heat for Power Generation-integration into Conventional

Power Plant [J]. Applied Thermal Engineering, 2011, 31:

157–162

[9] HOU Hongjuan, YANG Yongping, Hu E, et al. Evaluation

of Solar Aided Biomass Power Generation Systems with

Parabolic Trough Field [J]. Science China (Technological

Sciences), 2011, 54(6): 1455–1461

[10] �� , º�»�¼ , ½�¾ , � . TPUPV����P�P��¿�À�����Á�Â�ë�ÃV�Ä�Å [J].
sPt ëP  }P¡P¢ , 2016, V37(4): 695–700

HUANG Chang, HOU Hongjuan, XU Zhang, et al. Ther-

mal Performance Analysis of Solar Aided Various Ca-

pacity Coal-Fired Power Generation (SACPG) System

[J]. Journal of Engineering Thermophysics, 2016, V37(4):

695–700

[11] Angela M P. Simulation and Performance Evaluation of

Parabolic Trough Solar Power Plants [D]. Ph. D. Thesis:

University of Wisconsin-Madison, USA, 2006

《
工
程
热
物
理
学
报
》
版
权
所
有
 

 
 
 
 
 
ht
tp
:/
/j
et
p.
ie
t.
cn

ch
in

aX
iv

:2
01

70
3.

00
44

2v
1

ChinaXiv合作期刊




