%15 % % 3 it B& A ¥ 5 # K Vol.15 No.3
2026 3 H Energy Storage Science and Technology Mar. 2026

| RGBS IF R A ET |

REELREERESESTREBHBRMILIER

MM, RS, VFOEY BRI, T MR e
CE R A B2t Fe e sl RE RGN IR~ =], b 50 430074 2 [ H R 220 e A R
N, VLPR A 2100005 CEPH A B AR JOKBER AT, HR KK 7410005 *E M
Hlt B A R PRt A R, Hlr P 7440000

& B ARAAFEESTEMIAE T OEFTRFNE AR A, RFRATEGA RFE Z Gt 2 5 i
B 52 TR R AT 09 9 A, AR — A & A A B A R GG B 5T R BRI T . A
— RSB R AT R, MEOLARTIUE A NG EELET L ERA-ELEGHEE, LERMARS
ke B IARARR A B AR, RAREFEAERASINEELREORREERE; TEARMAALE 82
ATRATRNE A B AT, E L RSEREMIRNAER, sFoaf B &4 T 2 RETRBRITHRL, FHEFLER
BAR 2 LB A RERIEAH. SREW, EIT)NENEMST, HALE R RIFIEITRAR LA F LK
30%., AFHIAEDEALRADE237 4, ALK DA B8.0145, #t—F oW REIEL BN FLN,
FELSUM L 1457+ £ 025, AGAAFAMRATHELZ4037 L, HEZTDKRMEREI29F, E4
EERKBREATREN I, MRERTAHANT ORI TAEELAGNESTHRE HIE/FE%HZRET S
=

KR AE; BA A% WEMKIL, AEAHAK

doi: 10.19799/j.cnki.2095-4239.2026.0109

FESES: TK124 XEkRAERS: A NERES: 2095-4239 (2026) 03-920-13

Bi-level optimization of configuration and operation strategy
for refrigerated warehouse with cold thermal energy storage
under time-of-use tariffs

XIAO Chupeng"?, MOU Xudong?®, XU Jing"?, CHEN Lina‘, DING Sheng"?, HU Wenbo"?
("State Grid Electric Power Research Institute Wuhan Efficiency Evaluation Company Limited, Wuhan
430074, Hubei, China; *State Grid Electric Power Research Institute, Nanjing 210000, Jiangsu, China; *State
Grid Tianshui Power Supply Company, Tianshui 741000, Gansu, China; *State Grid Pingliang Power Supply
Company, Pingliang 744000, Gansu, China)

Abstract: To enhance the operational economic performance and load flexibility of cold
storage facilities under time-of-use electricity pricing, this study developed a bi-level
optimization framework for the capacity configuration and operational strategy of a
refrigerated warehouse cold thermal energy storage system. A medium-sized refrigerated
warehouse was selected as the case study, and system models including a dual-mode chiller
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unit and a phase-change thermal energy storage device were established. At the upper level,
lifecycle cost minimization was adopted as the optimization objective, and a genetic algorithm
was employed to determine the optimal capacities of the chiller unit and thermal energy
storage device. At the lower level, a mixed-integer linear programming model was developed
to minimize the typical-day operating cost through optimal scheduling under time-of-use
electricity pricing, and the operational results were iteratively fed back to the upper level. The
results indicated that, under current electricity pricing conditions, the optimized system
reduced the discounted operational cost by 30% compared with the baseline scheme,
achieving a discounted lifecycle cost of 52.3 thousand CNY and a dynamic payback period of
8.01 years. Further analysis of different peak-valley electricity price ratios showed that, as the
ratio increased from 1.45 to 9.25, the lifecycle cost decreased to 40.3 thousand CNY and the
dynamic payback period shortened to 3.29 years, while the optimal thermal storage capacity
increased significantly. These findings provide quantitative support for capacity planning and
operational strategy development of cold storage refrigeration-thermal energy storage
systems under time-of-use electricity pricing.
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Fig.1 Base-load chiller system and refrigeration
chiller cold storage system: (a) Base-load chiller
system; (b) Refrigeration chiller cold storage system
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Fig. 2 Bi-level optimization outline of refrigerated warehouse cold storage system
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Fig. 3 Typical scenario cooling load of refrigerated warehouse: (a) Typical scenario 1; (b) Typical scenario 2;
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Table 1 Parameter setting
5 H ZHGR BEEAH B
1.0020652868, 0.0290829382, 0.0004981323,
a1’ b1’ 01’ d1’ e1’ f1
0.0009088235, 0.0001680612, ~0.0001752731
0.609429307, -0.0010745365, -0.0000580474, [15]
e AL % by Gy 0y &y Ty -0.0003768051, 0.0004576827, -0.0005942491
Witk E R 4(COP) 2.96
BB (T, W BEi
B ZEIRIE(T ) cs) -10C
2R E(T, o) -5C
/R E(SOC, ) 0.2 18]
K& WHE(SOC, ) 0.9
BEERN) 0.95
BEANE TR B (N gen) 0.95
BKER R (ay,) 0.2 [19]
B4 25U ayen) 0.2
[ =E () 0.99
B BRI AR R E(C, o) 174.75 [5]
BN T A R (c,, ) 851.87 [13]
RYUZTHER(n) 25 [15]
ZHBH AE3 A R E (@) 1% [20]
FIZE (i) 6% (4]
IR (r) 2.9%
Y R#(n,, n, n, n,) 96, 93, 77, 99
RIS RS PrELET A 5.527i 70
#2 TEBEAENLHE
Table 2 Scenarios with different peak-valley electricity price ratios
WA H, Sy iF B (JG/KWh)
firte 4 H4/r(0:00—7:00, 23:00—24:00) P+ (7:00—10:00, 13:00—17:00, 22:00—23:00) 14 H14/r(10:00—13:00, 17:00—22:00)
1.45 0.68 0.83 0.98
2.10 0.55 0.83 1.15
3.04 0.45 0.83 1.36
4.40 0.36 0.83 1.60
6.38 0.30 0.83 1.89
9.25 0.24 0.83 2.22

#*3 RETELTR
Table 3 Upper and lower bounds of decision

variables
ST HAr BR TRR
¥4 FHL(CL) kW 150 0
BERALE(ST) kWh 2000 0

Ko i, 35 5 2 060 B4 5 v v G g K1
B 0L, e HATBOA B A BRI T
38.4% f153.5%, 1Mi37 5t 3 Aldz 55t 4 WA A A T
O, o H A B I B R 174 76 1 100%. AT
DOLERE], fEm Az b, &R E IS 1T g
S T H A (0 LB BORE TSGR B, (A - )

AENATNHIREAR, SRRESETHIE
1 P P g VB R 74 LAKD TR 74 J2E T 5 74 R (T S L 37 5%
1), X LA R B TR, Tt — 2B B
B RGIIVIIER R A . Xz AT 75 2 2 )
T LN B ML S DR AT, R T
TR . 2T, ERAsstt, hT
7 PV ST B TIOP B, T A LA B 1l ¥4 Ty 26
BOR, v HLAL AT DU B8] E v 75 30 A2 F R T
ARG TR, ARG L 2 1At B — DR 1
AT S L 2 T Z AN BTG, PR A7
if 37 5 T (0 TR 7 8 S iy R I & v B B AT
WAL
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Fig. 5 Convergence process of bi-level optimization: (a) Optimization objective iteration process; (b) Decision
variable iteration process
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Fig. 6 Operation strategy for cold storage and release of refrigerated warehouse under different typical
scenarios: (a) Typical scenario 1; (b) Typical scenario 2; (c) Typical scenario 3; (d) Typical scenario 4
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Table 4 Economic indicators and equipment configuration under different peak-valley electricity price ratios

scenarios
W EMEE LCC/iG  PBPAE B FNUKW  BAREEKWh  FTIVIAR A T T TG AR T o0 PrELIEAT BT 76
1.45 5.51 13.73 64.36 384.42 0.85 0.15 4.51
2.10 5.23 8.01 75.69 602.77 1.16 0.20 3.87
3.04 4.89 5.61 78.39 622.47 1.20 0.21 3.47
4.40 4.58 4.72 96.42 765.76 1.48 0.26 2.85
6.38 4.28 3.91 103.05 821.00 1.59 0.28 2.42
9.25 4.03 3.29 104.68 859.99 1.64 0.28 2.10

WrEeig g hn, &R BRI 5 H 384.42 kWh
B4 859.99 kWh, ZILHBEM L&A, X
R, EERBENEZR/NIST, REHEHN T
PLHIA EVLE A N, A B BN B %
R B U LA R A H A 7oK 7RI A 22
BRI, ¥ REAKEN LR ENRAGI
AR R RE 7T, NI IRTS BE =y & 5F
Was. ML, S EHLRALE A R B
AR BB, ERERHEN EY R TR
P —E RN . XU, TEAE T AT E 1)
AT, BARERAKBAMER ST R
FHEBETFB, A E L RS2 R T
I, HOT FAR AR Ak A R A X R

B T T LA AT AR, Bl Ay
AT ZHIE K, RERITILNEIT A N %, 1
PrIRVIAE B 0T A S A A ME S BT o 3X ik
T RGAE “ DL S E TN i R AR K B iE 47 7
7 TR SR S R . HIER BN ZE RO,
W0 B A2 B T R BB AT AR T 2 2 AHRTH B Ak
TR ST S A, AT A 2R 4 4 A v Jo] B R AR R
FIHEARAKF

R TR, WERHBMENMURE TEREER R
GUNATFIATHEIXE], IBIRZ W RS R
BHACE TR EB M PLRIEC B R BEM
ZERENHIX, R AR & A I E Be e 78 7
RAE e T 50 1, v BETS Re b As f
PR ) O A AR AR B K ) A 2 ] o

4 X%

A AR BLr I f e LA T 7% 126 i 7 -5 8 3R
GUNBETURT R, KA T T R e BC B 5 I8 AT HEE )
RIS RAHESE,  FFIE IS B ) Hr & St iR

W TIER BN EX RGAET SR B E I,
FEERITR

(D FEBAT BT AN KT, BN RAS
B E ST R R ARG, A RIS R SR
B A BRI AT B TR . IRAL S SRR, R
GLAT I IE AT A BB E N T R 11 5.52 Ji u b &
3.87 Jigt, Xt R[4 A i B AR AR N 5.23 T ot
AR BRI 8.01 4

(2) REBR RGNS AT KIS BE A 514K
PRI R R EEfin LT, EAKE
FEAE I H A I BORBOA ', AT A i B B
BEA DABRAR H1A EHLERT ;. ARG TR,
FRGUT A T 3E  [A1EE H E VAE E R AR f
oKk, PR, MR BB R R — 2D
4 AN I B RS

(3) PEE WS B 1.4582 75 9.25, &
FEER RG R A AR H 5.51 6 Rl &
4.03 570, ZNAFEEISCHIH 13.73 4F45 50 %2 3.29
s [FIR, B ARE IR E S & tH 384.42 kWh
1N % 859.99k Wh, 1ffj fill ¥4 L2 2 A8 4 B2 AH
XN, IR R R G4 T 1N B A A S B I AU
P T HlA ENEE.
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