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Abstract: To address the high energy consumption of low-temperature cold storage operating
at -28 to —-40°C, and overcome technical challenges associated with current phase change
materials (PCMs) —such as low latent heat, poor thermal conductivity, insufficient cycle
stability, easy agglomeration of thermal conductive fillers, and phase separation—this study
develops a composite eutectic saltwater-based phase change material for cold storage using
sodium bromide (NaBr), sodium formate (HCOONa), and deionized water. Through
optimization of eutectic composition and incorporation of xanthan gum combined with
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expanded graphite (EG) to enhance thermal conductivity, a novel PCM suitable for off-peak
electricity thermal energy storage in low-temperature cold storage is prepared. After screening
multiple gradient compositions, the optimal base liquid mass ratio was determined as NaBr:
HCOONa: deionized water = 32: 8: 60, which exhibits a phase transition temperature of
-32.7°C, a latent heat of 182 kJ/kg, and a thermal conductivity of 0.7913W/(m-K). Adding
0.3wt.% xanthan gum significantly improves the dispersion uniformity of EG in the high-salt
system; when EG content reaches 2.5wt.%, the thermal conductivity increases to 1.1420W/(m-
K), representing a 44.32% improvement. The modified material shows a phase transition
temperature of —33.1°C and a latent heat of 167.4kJ/kg. After 300 freeze-thaw cycles, the
phase transition temperature decreases by only 0.2°C, latent heat decays by 8.54%, and
thermal conductivity declines by 4.63%. No significant phase separation occurs, meeting
national standards for stable operation of low-temperature PCMs. Corrosion tests reveal that
the corrosion rates of this composite material on 304 and 316 stainless steels are only
0.0042g/(m?-h) and 0.0022g/(m?-h), respectively—significantly lower than those on carbon
steel and copper—making stainless steel encapsulation highly suitable. Compared with
existing low-temperature thermal storage materials in the same temperature range, this
composite system offers both high latent heat and high thermal conductivity, making it ideal for
energy-saving peak-shaving systems in low-temperature cold storage. It holds great promise
for engineering applications and delivers substantial energy conservation and carbon
reduction benefits.

Keywords: cold chain logistics; phase-change materials; thermal conductivity enhancement;

cycle stability; corrosion resistance

b A EEYI R K R, —28~-40°C KR A
TR B % 24 55 72 i DR I VAL 11 % B
A BRRE R & & T A, B AT B o b =™
N T AREAT VT RESRBR IR AZ OO . AR il BB
ARATIE BT ¥ 2 45 H 8 v A 2 DL A e 6 S BRI
{RIIAG -28°C LA IR AR A8 R} 387 30 A 75 AH AR iR B
AVLHL EHRAIL. FRRECN. EHRREEZEK
R BN S5 I R, 3 LA ARV P K AR e
IBATHIE WK

i AE R AR TSR I S H88, e RCFT
JI5 A BRI ¥ B REFE Stk HE . AH A A R
(PCM) [RIAHAR Ik FR I A TE IR, 7Efif e ST )
2, (HIA RORHE-28°C DL AR X [0 AR 2E A
. JCHLPCM TR EAHNT A HLPCM 5, Tl
PCM %] 0.5~2.0W/(m-K), 4L PCM %] 0.1~0.3W/
(m-K), {Hid % E K", Marin £ %t MnCl,-4H,0 (]
T B 5T T A AR AR BT EE R A B
%9, HHLPCM L B & i ¥ 3 % H f e v HED,
Khadiran 584155 45 51 PCM ff) 35 2 5 A K 34k . 4

PERERAL VA EITAT T, R ENIIE 74T HLPCM JE
R REVEEREE, 5L PCMIE ik
REXTEL, NAHE T EF LN S R R E R SRR
WEC B ROt 7 E . B & PCM A Bl % FEAK
SRABHEMLS, A LT MR RS, L
SEMTR I S KRS BEIs i 2 & PCM, JF
KW AL 2= 5°C, KR PCM v B 242
BT RSB Liang S5 I AL & PCM AR B 1
ARV, SEIL T 531406Kkg iR HEBON R, L
I AIE T PCM FE 7 J5 11 RE B Bk v (19 TR 82 4
AW TR AR 7 J28 v AR RE TSR AL 1 S b AR
Pk, [RS8 Ja AT FU AR TR I F 37 SR
R B R IR AL T T TR .

LA KR LA PCM BT T84T 477 1 22 10 1)
A, KR PCM (0~-28°C) HEIfFFE %, (HAHA
I B2 157 75 -28~-40°C AR IR ¥ 2 T, @1 Geng
SENA 2 1) IR PCM A A2 2 X -15.2°C . Zhang
SEUIEA AR R ARAH AR I L 9-11.76°C, 23 L
W ARMIR B A TR CARIE IR 0 IR



2 @& NaBr-HCOONa-/K & SR IELAH A2 & v a4 kLA AL K Ak BEWE 7T 3

PCM, ttfiiNaBr. HCOONa /KA, i s 2
-28°C. -18°C, AHAZIR JE Joikis BIMKIR & PE R E &5
AER, HAFEI AR FEH 5 50 AH ™ 5 45 0]
B DBURIEE A PCM Bl ARG S, (HF
AR FARAREUE . AR R G, Yang
SN ) (]-30.6 “CR IR B A MR AR B 1Ol 140k J/
kg, S & %0.5537W/(m-K), LLE Wu 2095 %
[11-34°CLIRE A PCM, AR 146kJ/kg, T4
Z%00.5344W/(m-K), [F] I 8= & X4 E S L E
- H [RVBE A M Re VL RC & i tk4h, PCMIK
TGRS 2 AR ORI R, B R
PEREREIRIR, ToIEM W E KRR BT F K.
zi b, WERIGER-28~-40°CHRLIX . FACHIA IR
FEH RFRERREENSE A PCM, Rk
IIRVA e R AR RE S BIRHE A 3L ) S

AHIE TS FH AR W PG 22 -32°C LA R AR 5 2
PR I AT X N-28~-40°C, BHER
T MRLE A PEAZ OB AT IR X SE AR AR B ¥, -32°C
Ab T2 DX H ) B, T T R A R T v TG S I
RIEEV, X7 IRE SR S 804 FE A KRG80
FERE, WIS VT ECAR IR ¥ FE 2 B 74 (23:00-7:
00). HIAIREA I RE S AL 75 & 1.

i# 3L NaBr 5 HCOONa & i, #) /] Na+. Br-
5 HCOO- 1) 15 1 1 [F] 2% B 4 el Ao Sk N 245, 0
i RBEE-32CLL T, BB S E
HHRAMMEAERSE, ERKEAERBEAR-H
RV . ASCLL “ARARARIRAE . B, T
o AR NERR, AR IR I T 2
B SRR, SRAMEIZEE RS, AR
B RIS S E RS .

1 SRemr s 7

1.1 STMREEE

WA R WAL (HHrall AR, 4l >
99.0%), W (/e AR, 4i/F>99.5%),
T H i rakse it S B MM a R AT B TK
C AR T AR R A IR A D, R A4
2 CRWBTRL T AR R AR A FD, IR
e (USPZ), EHHIRE, JNILG R, B L4
%, BWIE LR T ANEHE R A BRA A .

1Y #%: DC-6515 RUAREAEIE, i g
)T OGREVE: -65~100°C, 6 B EE .

+0.02°C); TPS-2500s B #H B it (SR E
RVEH 0.005~500W/(m-K), &S E+3%), Fii it
HotDisk /A 7 ; DSC200F3 7 2 3 47 filfi & A A
(DSC, i J¥ V5l -170~600°C, & ME K E+1%),
74 [E Netzsch A 7 ; ' YSGJW-100C #Y &= 1% i 28 4%
WA CIR E S Bl -70~150°C , R FE 9 Eh E
+0.5°C), FIgERMILIGACER) s 90-2 BURE Iy 1 b
28 (BT 0-1250r/min, = iR-150°C), &Izt
WABERACE T TR GRS B - 100~
400°C, FEE£1C), LiEHEMERBBERA
Al s 34972A B 2 AR HOHE SR AL A CIIR YE B
-100~400°C, ¥E+1°C), “HEFIH; DZF-
6020 B L2 T4 (iR TG E = E~250°C, 51
+0.1°C), bR THIRAA .

1.2 MRIBIMERERIESE

1) AHAR I 5 A AR v #G K . SR A DSC il
W, HIX-60~20°C, J+F%iE 10°C/min, £ 5 & 5~
10mg, HEHE 3REIIMHE.

2) AL 50mL A S B T BAT
FAT A8 5 B T -50°CIIRE IR A, #5485
e (FHAR IR E~-33°C), 3% IR B A8 1k LA
TEAHARRFIE S BT A T

3) SHMERENR: T HotDisk v B X,
X %8 T 4% 30min, K F25465 14 18 3k 4f N FE 5
HROC IR, B (AT B =5min PAYE BRIEE T4

4) fEIHFEENR: AR E T R
TEFRAE, 0°C/2h—-50°C/2h ¥, $£300 K.

5) IR EE 304/316 NEEN . BN
. 1060/6061 £5 A4 g, 1 IR RE
30K, THEJE ik 2 LU il e e &R

2 HEXR5i%

21 ERECEEMMUER
211 YRk

AHTFERTE B 2 A AR SR DL L B T
IKONFERE, B INAS [ B R AL BAR FH R A A D9 Bt i
A, BARCH R,

fi 22 A R G T IR, SRR
JERARAZ B IR 2 s . 454 DSC i Zk (& 1)
%1, HCOONa (4 L8 10% Jov2: ¥ i fa e 4t i 1k
#, fBRA-4. A-5.

LA AR FE VI ek ] 20 v h e 1 2 o, A



4 i B A

5 & R

F=1 VRERECEE RESHD

Table 1 Initial base liquid ratio
R 5 RN PR LETK
A-1 40% 0% 60%
A-2 35% 5% 60%
A-3 30% 10% 60%
A-4 25% 15% 60%
A-5 20% 20% 60%

R2 MHERHETRENERE
Tab.2 Phase change temperature and latent heat
value of initial base fluids

HIASIR R ARAR T A
o 2
MRS T(C) H (kJ/kg)
A-1 -29.0+0.05 167.9+ 2.0
A-2 -32.6+0.06 172.3£ 2.0
A-3 -32.7+0.06 178.9+ 2.1
A-4 -32.8+0.07 183.8+ 2.2
A-5 -32.5+0.05 130.4£ 1.5
T T T T T
4 -l
3+ B
Y
i
£ 17 7
0 -
o i i i i :
=60 -40 =20 0 20
wE (°C)
1 EHRA1ZEA-58DSC %k
Fig.1 DSC curves of base fluids A-1 to A-5
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Fig. 2 Step cooling solidification curves of base
fluids A-1 to A-5
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Table 3 The proportion of the base liquid after fine

screening
R RALAN FTR SN EHTK
B-1 38% 2% 60%
B-2 36% 4% 60%
B-3 34% 6% 60%
B-4 32% 8% 60%
A-3 30% 10% 60%

TR ANIR] 5 EE B 1) DSC FRAEZE Rk 4 Fir
o A RO ARE A RSO B-4. IRHEIE 3
(f1DSC £k, B-4 AL Tk di i, SR [
SR FE B AR -32.7°C,  HLEALRL T & N R I 4 A
BRSO .

X 4 S AT A0V i K, 45 R
4Jr7R . DR RCEINAG BONRE E AT & . B-
4 LSRG AL R A A S B RO, T
HABC L, HILIEA AR, Kbk B-4
FIHET

Xf 4} B-4 {4 FHl Hot disk #4 H0 73 A 430 I 18 £
PEfg, HSHRARHON0.7913W/(m-K), ZEEAK,
XF AR B-4 HEAT T A PR RESR T RA B N
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x4 AiHEERHNETREMERE
Tab. 4 Phase change temperature and latent heat
value of base fluids after fine screening

A AR HHAR I #
MRES T(C) H (kJ/kg)
B-1 -32.8£0.08 178.1% 2.1
B-2 -33.0£0.06 177.4£1.9
B-3 -32.40.07 178.6+ 2.3
B-4 -32.70.06 182.0+ 1.9
A3 -32.70.06 178.9+ 2.1

— B
ab — B2

83
— B4
— A3

HREE (MW/mg)

-60 -40 -20 o 20
BE(C)
E3 £i&B-1ZEA-3DSCHiL
Fig. 3 DSC curves of base fluids B-1 to A-3
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Fig. 4 Step cooling solidification curves of base
fluids B-1 to A-3
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Fig. 5 Microstructure of expanded graphite
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Tab. 5 The proportion of materials C-1 to C-6

FE S WA AR AR KA SR L] Bk R
c1 - 0% 0% B-4
c-2 FRH LT Y 2N 1% 0% B-4
C-3 IR 1% 0% B-4
c-4 RN 1% 0% B-4
c-5 TR 1% 0% B-4
C-6 Gl TR 1% 0% B-4
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Fig. 6 Phase change materials with different
thickener types added
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Fig. 7 Dispersion effect of different thickener types
on expanded graphite
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Table 6 The proportion of materials E-1 to E-5

kS TR 44 FR BRI L 451 Sk
E-1 R 0.3% B-4
E-2 # R 0.6% B-4
E-3 # R 0.9% B-4
E-4 # R 1.2% B-4
E-5 R 1.5% B-4

E8 AREILLGIRRRFN 1% FRE DB KAZHETHR
Fig.8 Phase change materials with different
proportions of xanthan gum and 1% mass fraction of
expanded graphite
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Table 7 Phase change temperature, latent heat value
and latent heat attenuation rate of materials F-1 to F-5

. ARG HAAR T B AR R IR
k5 . 2% (0

T(C) H (kJ/kg) (%)

F-1 -32.94£0.07 1725+ 2.1 522

F-2 -33.0+£0.06 169.3+ 2.0 6.98

F-3 -33.410.05 166.3+ 2.0 8.63

F-4 -33.840.05 164.5£1.9 9.62

F-5 -33.91£0.06 160.4+ 2.0 11.87
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Fig. 9 DSC curves of materials F-1 to F-5
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Fig. 10 Comparison of thermal conductivity of
expanded graphite with different proportions of

xanthan gum added
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Table 8 The proportion of materials G-1 to G-5

PR WML AT HEE
G-1 0.3% 0.5% B-4
G-2 0.3% 1.0% B-4
G-3 0.3% 1.5% B-4
G-4 0.3% 2.0% B-4
G-5 0.3% 2.5% B-4

R9 MHGAEGSHETRE. BEREUBRATEE
Table 9 Phase change temperature, latent heat value
and latent heat attenuation rate of materials G-1 to G-5

ARVE FEF ARV AR E=E
B *ﬁﬁm;)& zﬁ(?{kjij; *ﬁif(z:)ﬁﬂﬁ
G-1 -32.840.06 174.6£2.3 4.07
G-2 -32.940.05 172.5+ 2.1 5.22
G-3 -32.9+0.07 169.3+ 1.9 6.98
G-4 -33.0+0.06 168.5+ 2.0 7.42
G-5 -33.1£0.05 167.4£1.7 8.02
FER LRI

2 P HAERENI)E, 53] G-1 £ G-5 LAk
fras R 11, 2.5% Ak A7 sk i 3 98 R HR Tt
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Fig. 11 Thermal conductivity and its change rate of
materials G-1 to G-5
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d G-5 606145 0.0031 0.0048
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