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RBELRR TN, [BR] EmtiiBE T ET, Mk LCES 24, AL RAVHKE
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Design and performance analysis of coal-fired units coupled with liquid carbon
dioxide energy storage system

Chen Lei, Yu Beichen, Zhuang Jun, Wu Runzhou, Xu Kai, Xu Jun, Jiang Long, Hu Song,
Su Sheng, Xiang Jun

(State Key Laboratory of Coal Combustion (Huazhong University of Science and Technology), Wuhan 430074, China)

Abstract: [Objective] To meet the increasing demand for deep peak-shaving capability of coal-fired power
plants(CFPP) under the “dual-carbon” targets, this paper proposes a novel liquid carbon dioxide energy storage
system (LCES) integrated with a coal-fired power plant, aiming to improve both operational flexibility and overall
energy utilization efficiency. [Methods] A 1 000 MW ultra-supercritical coal-fired power plant coupled with a liquid
CO: energy storage system is selected as the research object. Using the EBSILON platform, a comprehensive
thermodynamic and economic model is developed. During the charging process, compression heat is effectively
recovered by utilizing condensate water from coal-fired power plant. During the discharging process, a cascaded
heating strategy is adopted, in which CO: is preheated using both low-temperature and high-temperature feedwater
to improve the turbine inlet condition and increase power output. Various coupling configurations, including
different return water locations and feedwater extraction positions, are systematically investigated to determine the
optimal integration scheme. In addition, the effects of key parameters, such as high- and low-pressure tank pressures,
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2 #A% PO
throttle valve pressure drop, and mass flow rate, on system performance are analyzed in detail. [Results] The results
indicate that, under the optimal coupling scheme, the proposed system significantly outperforms the stand-alone
LCES system. Specifically, the electrical efficiency increases by 11.41%, while the energy density improves by 3.32
kW-h/m?. Meanwhile, the levelized cost of electricity (LCOE) decreases from 0.091 dollar/(kW-h) to 0.082
dollar/(kW-h), demonstrating enhanced economic performance and cost competitiveness. Moreover, the load
regulation range of the coal-fired unit is expanded to 93.26%~102.82%, indicating substantially improved
operational flexibility and wider load adjustment capability. Among all system components, turbomachinery
contributes the largest share to the total investment cost and plays a critical role in determining both thermodynamic
and economic performance. Parametric analysis further reveals that the high-/low-pressure tank pressures, throttle
valve pressure drop, and mass flow rate have significant and sometimes competing effects on system performance,
providing important guidance for system optimization and parameter selection. [Conclusions] The proposed coupled
system enables efficient recovery of compression heat and multi-stage feedwater heating during the discharging
process without relying on large-scale external thermal storage devices. By achieving effective thermal integration
and cascade utilization of energy, the system significantly enhances the flexibility and efficiency of coal-fired power
plants. This study provides valuable insights and practical guidance for the engineering application, system design,
and large-scale integration of CO--based energy storage technologies with conventional thermal power systems,
contributing to the transition toward low-carbon and flexible energy systems.

Key words: coal-fired power plant; carbon dioxide energy storage; flexibility; thermodynamic performance;

economic model; EBSILON

b5 AUk B AR, AT A RR R R AL R
b BERREEE T 021, SR H B 5 [AL B X Fi o) 22
ZAREISAT I H B v R B4, BRI LA AE B B H 7
ARG B AR E it L 1) R R e S S P RS
X AL AE A AT DR 5 A JE 1 5%
A T M BE P55 ) B ) 5 AT 9T AT TR
BRIEA ) R T  EEEARTF B —B, %
IRFREHURE A YE ], S BUR AR R
R, VHERE ST HE L — DA

AR, FAEMERE AR s sugE HoR
R IVE, il BE BT HIEIE A BORE RURT DU AR
KB A REM . Hrh, K482 A6 e

(compressed air energy storage, CAES) AR \5L
IE RGN, BRI 1) CAES T H — ek
FH RIS ORI N LA =, A A SR AT ARG P25, R
KIGIN T RG AL, A T2, CO2 HA R
fiKs HER. SRR RENS, EEEniRE
MRS, AR 2 5 DLRAS B B I A i
17, A W48 — A4k fi B8 (compressed carbon
dioxide energy storage, CCES) E.A K 47 1M Al 5
[11-13]

EAT, N AMEE O RS & 45 — %
At BE R G E YR R GRS T
& 1T iZ B Ft - Chae S NI T 722 £ FE R IE
1 CCES il LCES 5 K HIHLAL G MR AT AT, 1EiR
R NIEY) 64%. Cao S5 NUSHR|FABENLZH IR AL
HIRAERERE RSB IR, i T e K4kt
FIRZIK EEXT RGE1E BRI . Zhang 55 AN 2695
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g 45 45 5 I 5 R 48 — Ak B i B8 (supercritical
compressed carbon dioxide energy storage, SC-CCES)
IR LA, A A /I L A7 7 PR 50.56~68.56
MW. Hu % N7 SC-CCES R4t Siti M)
SERAE L, w7 RGN, SEI T 45.49%
ik ReReR, Res A 23.1 kWh/m®. Hou %8 A
U8R HY 7 —Fh 5 CFPP SERLHEI R LCES R4, fif
REIT AN CFPP Hdih i ¥4 K BIUR 4k, RERemT H
R TIRGE - NS COy, AHELIRST R Gif fE
RESEE 8.04%. Wang 25 NUOIDLKH ] HEA TR
JE45 COMERERF NI TN G, KRG T kRS
BRI Z MR G T 3, IR G kB S Hr il
% BbrtR AT I RIS AT 254, R G ffRe v
1E— R bR FE

S IR FUAE 5 G0 45 0 05T 15 1 e Ak R 42
TGS 7 AR R, (BOMFEL A E: (1D
KA SN, S BURIENLALE P63 52 2104
W, N T ANATIEAR AR (2) EREAL IR
MBEEE, RASMER, SR

BT BIRE R, AR AR LALIR RS
B it RE RS (LCES-CFPP) . 1L
fift RE T BRI FH BRI B 2EL 1 vk 45 7K RO ST I 4 AL 1 e
i, WESARIRTRIVAHAS TR, FERERERTEL, A
FIEIA R G ) 22 B8 /KA R 73 BOm#A CO., S
DIABERIBR ORI o A SO T & RGN 27
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LCES fi# i & 4t (liquid carbon dioxide energy storage-

coal-fired power plant, LCES-CFPP) JRPE. Z &
i IRIEHLZLAN LCES R G4, PRIENLLL s Al
[ 1 000 MW I FHRAKE K LA, REeNLAL S
N C1000-28/0.5/600/620, [FIHARGHLE N “3 G5
BN LEMRIEINAER— G BER" . B
NUH M EEARZHNER 1 .
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1 LCES-CFPP R4RE
Fig.1 Schematic diagram of the LCES-CFPP

& 11000 MW BRERHAEE A S
Tab.1 Basic parameters of a 1 000 MW coal-fired power

unit
2 HE
HE T MW 1000
EFRIRJE J1/MPa 26.13
LA E/(th) 2706.42
FARIEE/C 600
T HFEIR K J1/MPa 533
PRI 620
HRZERIME/(thT) 2229.97
% £ /kPa 438

LCES RAG L E LML, iE 1 Hdhaz. .
AR, LCES REGURH L4 — R
fik, BEREMTBOR M 70 BUAT BRI, B IR SRR
PLAL R 4F (IR EVL AL . A RGUE & il BERTRERE
/]\jiﬁlﬂjf:

D) A REERE : A — S AR MR s 6 ORI
K, WSCE Ve A VR AN RS AR, BES
I PR AE T 2 A i e LAV % DA IR
RPN, RIAE G COAEREES IR
FFHEN ISR AT . RIS IR EVL RS JF, UK
BEHLALRIBESS K (Cid) WHORZEFA, W FRJF IR [
FEHLZL (Cow) -

2) BREd R R A COAH AT T
JRENTINEL, AN 25 /K SR AR XS COn
BEATERR I, BEJRENE TR BT 2R

SR TR ENFHE N B AL, SR [B] B 5
HE R R — M . AR BN N i 25
K (Hin) AMEELK (Lin) 5 G B ZE BRI
H (How M Low) » LAJB/NKTHL I TER IS -
LCES RS EEASHUNZE 2 iR,

F 2 LCES ARG EAXSH
Tab.2 Basic parameters of the LCES system
ZH Ll
IR 8% % J1/MPa 0.1
IRESIR /K 298.15
ISR HEE J1/MPa 15
15 JE 1 71/MPa 20
RSN 7)1/ MPa 1.0
R R SR /K 238.03
e R IR /K 303.15
FEAERLEI % % 85
7P 2R % 88
R IR SRR % 85
AR I SR 22K 5
fi# GER 8] /h 8
FEREIT H]/h 8
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REALAL;
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2.1 BIEN A F RGEAIREY
2.1.1 A A

NS BN e e VAN D NIE CSUN
FERAY, RefE P00 R N2

Qb =My, (hsh,out - hfw) + mrh( hrh,out - h:r?) (1)

K O BAREN AT, MWs mgn Tl muy Rn1d
R HRZERM R E, ke/s; hw RAGHK
Ik, KI/kg: hsnhou i HZEIRAIH T8, k/kg;
hrh,in *u hrh,out %%/j—‘—\‘ﬁm?i‘ff% El/‘J)\ | *H IEEI | j:é\ ’ kJ/kgo
2.1.2 AsHAEA
FCRALIT A T T WA 0122
Wst,ith = mst,ith,in hst,ith,in - mst,ith,outmt,ith,out - mst,ith,ex hst,ith,ex (2)

P Wain RN | ZIRFEHLI TR, MW mgithin
A minou RoRH 1 FTEEHLHIN FURTHS BT &R
, ke/s; maimex RN 1 GIEHLIIHITUR R
%, kg/S: hst,ith,in *D hst,ith,out%ﬂ?;ﬁér i éﬁ/ﬁ%*ﬂﬁg)\m
A DZEIRS KI/kgs hsinex N5 1 HITEENLAY
s, kl/kg.

2.1.3 K BAEA

2 7K NS PR RE B4 AT DL IR R 20220,

M, ity (hfh,ith,out _hfh,ith,in )=rnst,ith,ex (hst,ith,ex _hfh,ith,dw) 3)
My i1th.aw (hfh,i-lth,dw 'hfh,ith,dw)
s mmin FoRH | R KINRES KB &R &
kg/ss hmithin A A ithout 2N 50 § 2R KINFGSHIN
AT KK KI/Kgs hmin,aw 50 1 R2G KNGS
BIHEAK KK, kI/kge
2.2 LCES FREGER

2.2.1 JELEHAR A
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CO IEAFHURA SR, FEARHLAO A
B 220,

h h

com,out,s | ‘com,in
com — 4
7 hcom,out - hcom,in ( )
JEAEHLII D2 v R8N
Wcom = mcom,in (hcom,out - hcom,in) (5)

R heomin B heomou 7% 1 45 HLIE 1150 1
KI/kg: heomons 7% FE 4 L2 ML L o 196 0,
KIkg: meomin F7 AL — LRI, ke,
222 i FHH

5 (R SRR, AR A T)
ST R4,

— htur,out _htur,in

Mo = h (6)

tur,out _htur,in,s

W

tur

:mtur,in (h htur,out) (7)

fﬁ EF‘ : htur,in *D Aturout i‘%/ji\‘jéipjﬁﬂj H i@'fﬁ ’ kJ/kg,
htur,in,s %%E%%iﬁﬁ%ﬁﬁ | ‘}:{E’I\{E ’ k-]/kg, Mitur,in ﬁ
NI AR R, kg/so
223 M EAEA

RGN IAGEE A EIEE . IR A B
A, PR AT UG R e BT 1k AT i 23240,
|:(Thot,in -Tcold,out )-(Thot,out -Tcold,in )]max

Th Tcold,in
Aor: TAERIEE, Ks N5 hot F cold 737 AR #
TR TAA, max AR BRME . HFAE 1) RE R
R R AT LR N:
Qhe :mhot (hhot,in _hhot,out)

:mcold (hcold,out _hcold,in )

2.3 ZFpIiRE

BT _EIRB RIS, I N R A G AR TR
PG RE R B BIA GRS . A RE AR A i A2
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AL RRA . R G I BE A AR R 7 (25201,
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Zeqin =2, Z,-CRF (10)
k=1
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CRF = +1)" (11)
@+r"-1

s Ze S G SERAS, H AR TR W3R 3,
CRF (Capital Recovery Factor) A% 44 25
RNEBBEEFIZE, B 0.08; n AT TIEHER, H
30 4,

FEPEONZIKEE R 2R, & A I K A /5
KHA T2 8 AR $520 (chemical engineering plant
cost index, CEPCD) X %W & A AT 4 — 4 5,

AR 2020 FAE RVIEEFEA , CEPCI B 596.2[271;
CEPCl,,,

Zy 2020 = Lic et CEPCI (12)

AT MY AR 7R 28,
Zoy = oc'ZEquip -CELF (13)
ceLr =1 0ty cre (14)

r-r, 1+r

A a NP REL B 0.06; CELF (Constant-
Escalation Levelization Factor) JAANWr KA+,

rm N SEEEE, HL0.03,

T HL A 7R 29
ZElec :Wcom .tchar ’ D 'Cvalley (15)

ﬁ[:l:l: D%ﬂzﬁﬁfﬁiﬁy m 330 9&; Cvalleyy‘j’/é\“EEEE
B, BL0.04 25 70/(kW-h).

®3 BEAMELEATTIE

Tab.3 Purchase cost equations for each component!?’!

A AT CPECIT
1 P P 381.7
X . Z — 711m ) com,out In com,out
Eﬁ*ﬂ- com COm(Olgz_ncom ( F)comvm ) ( ComVin )
BT Z, =479.34m,, (71 Yin (i )(1L+ @ FOTurin~544y 3817
0.93- Thur tur,out
it Z, =2681A)% 3576
i Z,, = 2143003 3376
E: Z, =1120W2* 4682
fiti c 541.7
A; 0.68 468.2
BN Zs =328 ES
M CES [ 30 J
357.6
iR

z,, =1145-m

2.4 TN HEHR

RNEAER G RGN Re B R ¥ me /15 5 8 H
K, AR SCIE B R (electricity storage efficiency,
ESE) . #HiRZ%F (round-trip efficiency, RTE) .
e ¥ (energy storage density, ESD) FIHRE
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(total exergy efficiency, TEE) {F ANfi&ft RSt
REVEMM AR R . Hid, AR E O RG R Red R
g i HLRE S R GE — MR RE R N AN
e R L
RTE = (Wtur -W, ) X Liischar

Weom + AQcrpp onar
e o A tyienar RE M REFVRERE N, D
AQcrpp NIRIENLLAFE S LCES REGE MERER
W AR, MWh; W, 38 R R FTEFEDI R, MW,
RGHF ESE & ONFEREI 1) 4
Re 5 AL FE R RE 2 EL

(16)

W W, )xt.
ESE — ( tur P)>< dischar (17)
Wcom X tchar
REE % AL ESD FHT-RAEHAL A AE AR BT XS B
PIRTRE IR RE, o8 N 2R G HH L RE S i A T %
BRZ
W W, )xt.
ESD — ( tur P)X dischar (18)
VLPT +VHPT
fQEP: V|_p'|' *D VHPT ﬁj‘%’]ﬁi@fﬁ%ﬂéﬁﬁﬁfﬁigﬁ@ﬂ‘]%
A, mi,

RGRCR TEE 3 SCN ARG -5 1Ak
MR LB

E p,total

TEE = (19)

f total
e Eq g F1E o 52 HREE R G5 10972 SRR
BHAL 0T RGN EAE, MR B0

Eiy= Ep,k +Ey (20)
A d REPK, The k IR k ML
FEAN A B4 AT AR I 1300,
E,=m,[(h —h)-Tys,sp] 1)
A AR x AR x MIRE S, Fhr 0 ARMEE

R

NV R GER) R, A3k U e 725 B A
WEPRFEVE VN FaAR, AP TeRE RGThHS R
BRI R 2 72, e R T AR I A R
2SR




6 kA% SRR

2 CO, 1937 1937 0

AP, =W +P.__—-P 22 3 CO, 151.10 151.06 -0.03%
char com,char CFPP CFPP,char ( ) 4 Co, 35.00 35.00 0

i ‘ . 5 CO, 174.94 175.00 0.03%
K Poppr NIEBRIGEHL ] R DD 6 O, 35.00 35.00 0
. . o 7 CO, 30.00 30.00 0
FEpet R IR = T R8N 8 O, 30.00 30.00 0

9 CO, 31.88 31.88 20.01%

AP, =W +P P —W 23 10 CO, 147.03 146.65 -0.26%

dischar tur,char CFPP,char " CFPP p ( ) 1 Co, 39.85 39.50 0.88%

i . e ‘ . 12 CO, 129.70 129.29 0.32%

TR b 2 e A =5 R ENLA M & 13 O, 35.82 35.51 -0.88%
. N . 14 CO, 25.00 25.00 0
DRz, wrdd LN AT 15 O, 35.12 35.12 0
b 16 X 20.00 20.00 0

A 17 K 156.77 155.17 1.02%

V= x100% (24) 18 X 146.08 144.42 1.13%

CFPP 19 X 153.27 151.65 -1.06%

20 K 153.27 151.65 -1.06%

SFHEALEE L RAS (Tevelized cost of electricity ;; 7JJ§ ‘3“6"52 ‘3‘4'(5)3 (()’17;;4

NN N N 7l . 7. . ()

LCOE) & XCONTE4 Ay A BRI IR A 5 F & 1) 23 K 39.53 39.46 -0.18%

POAE, RIEA R,

Zoo 2o, +Z
LCOE = 537'61 2= (25)
tur dischar
2.5 t=ERIIOE

FURT, % TRREENLZH RS SIS — LR A e 31
G ATEIT TR A PR, Mok = Al B TR R
G LI SEIGAE NS % . STk, ASCR /i
AR, RN T KRGt B RS E ) R
MLBE IR AT XS b, 455 W3R 45 LCES T R4
EHOCER AT LCES RGNS, 1EAHFIDLT %
£ FFH EBSILON ¥AF#ATEBE S0 57, 4R,
x5, HEWH, BEMEERSSEHIE) &R,
RKIRELSHEN 1.18%, RN NIZAEA 2 A
PO HTHIRE K

7 41000 MW BREH B THA TR FgHESHEE

POl d

Tab.4 Comparison between design value and simulation
value of a 1 000 MW coal-fired power plant under THA

condition
TiH witE THEE PRI Y%
TR/MW 1 000 1 000 0.00
TR E/E » b 2 682.02 2706.42 -0.90
FZRRIRSE/C 600 600 0.00
HHFERRE/(th) 2207.11 2229.97 1.03
HHRERIREC 620 620 0.00
25 KR E/PC 299.62 299.2 0.14
PFEZE/(KT-(KW-h) ) 7165.29 7251 -1.18
VRER/ (kg (kW-h) ") 2.68 271 -0.90

5 ETCHEK27]80 LCES FRSGHELR S3CEEXT
Tab.5 Comparison of simulation results of LCES system
based on reference [27] with reference values

. , W/ C

R A WAk - -

IRZS A TAERA A XHA e
1 COs -40.12 -40.12 0
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Fig.2 Schemes of the coupled system
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Fig.3 System performance of different condensate return
positions
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Fig.4 System performance of different low-temperature
feedwater input schemes
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Fig.5 System performance of different high-temperature
feedwater input schemes
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Fig.6 T-s diagram of the coupled system and the standalone
LCES system
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Fig.10 Influence of throttle valve pressure drop on coupled
system performance
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Fig.11 Influence of mass flow rate on coupled system
performance
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