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Abstract: To address cold energy waste and low thermodynamic efficiency in traditional liquid
hydrogen (LH,) refueling stations, this study proposes an off-grid integrated energy utilization
system that couples an LH, refueling station with a proton exchange membrane fuel cell
(PEMFC). With multi-energy flow cascade utilization as the core and by matching the phase-
change temperatures of cold storage media, a three-stage cascade recovery architecture
consisting of cryogenic, medium-cold, and low-temperature levels is constructed. On the basis
of ensuring stable LH, vaporization and hydrogen supply, the system utilizes the organic
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Rankine cycle (ORC) for power generation and achieves high-value coproduction of liquid
nitrogen (LN,) and dry ice through a cold storage process. The system, scaled for a 1 t/d LH,
throughput, was modeled using Aspen HYSYS and optimized via a collaborative framework
integrating artificial neural networks (ANN), the non-dominated sorting genetic algorithm II
(NSGA-1I), SHAP, and TOPSIS. At the global optimal decision point, the system achieves an
exergy efficiency of 59.63%, an energy efficiency of 88.97%, and a net output power of 154.87 kW,
with the net recovery work reaching 379.7 W/kg H,. Concurrently, it coproduces 179.97 kg/h of
LN,, 89.69 kg/h of dry ice, and approximately 132 kW of effective electricity. Economically,
under an LH, feed price of 39.89 CNY/kg and a hydrogen sales price of 61 CNY/kg, the
payback period is 6 years, reducing the terminal refueling cost by up to 21.77%. Ultimately,
this approach realizes comprehensive improvements in system energy efficiency, multi-
generation economic benefits, and operational safety.

Keywords: hydrogen; organic Rankine cycle; fuel cell; neural networks; carbon dioxide; cold

energy recovery
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Table 1 Properties of different working fluids
Fluid T/K p/MPa T,/K TJK
CH, 190.6 4.599 111.7 90.7
C,H, 305.3 4.872 184.6 90.4
C,H, 369.9 4.251 231.0 85.5
Ar 150.7 4.86 87.30 83.8
Kr 209.5 5.53 119.7 115.8
Xe 289.7 5.84 165.1 161.4
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Table 2 Initial key system parameters
Module Parameter Value
Feed flow rate/(kg/h) 10
LH, Refueling flow rate/(kg/h) 100
N /% 50
Excess air ratio 1.5
Air compressor pressure /MPa 0.33
HT-PEMFC Heater-1/K 293.15
Heater-2/K 403.15
Heater-3/K 343.15
Degree of subcooling/K 5
ORC HEX-3 hot end/K 183.15
Generator efficiency/% 85
N Inlet pressure/MPa 0.6~1.6
2 Throttling flash ratio <1%
Co, Liquid CO, subcooling/K 5
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Table 3 NSGA-II parameter settings and decision

variable range

Parameter or decision variable Value

Population size 100
Maximum generations 200
Crossover probability 0.9
Mutation probability 0.2
Crossover distribution index 20
Mutation distribution index 20

my,/(kg/h) 120~180

Moo/ (kg/h) 590~605

Meo ! (kglh) 155~210
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Table 4 Parameters related to economic analysis'™
Parameter Value
System life time/a 20
Annual operating hours/h 3300
Discount rate (r)/% 6
Depreciation period/a 10
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Table 5 Cost components in economic analysis
Project Costfunction Variable
LH, pump-Cy. pump 10755 * 03161 X9 Wiyry + 01220 x (19 Wost ) (USD)® Wi, pump KW
LH, storage tank-C, 26.9xM,,, (USD)® My, /kg
] _
HE1~3(custom)-C, . Source
HE4~10-C, 8500+409(A,,,)°%(USD)""! A /m?
Buffer tank-Cy, Source® -
Turbine expander-C, ., 177200(W, . )**(USD)>* W, /MW
HT-PEMFC-C,_. 1219.7xW,(USD)?"! W, JkW
CAPEX .
Air compressor-C, .. 7900(1.3405x W, \*#(USD)"™ W, /KW
CO, compressor-Ceo. comp
ORC pump-Copc, o 403892 + 0.053 xlg W, + 0.15%8 x (g Woimp) (UsDy Worg pume KW
ORC expander-Cqq. ., 378(1.3405x W, . )**"(USD)™ Worc oxs KW
OtherS-ther 0.1 8><(CLHQ,pump-'-CFc-'-Cpump-"2 Cs-l+ z Cexp-l+ z CHX-I+ 2 Ccomp-r‘)(USD)[w] CIICNY
TCI 4‘556X(CLH2,pump+CFC+ Cpump+ Ct)lher+z Cs-r'+z (:exp-r'-'-2 (:HX-i-'-z Ccomp-i)(USD)“g] C,/CNY
r(1+r)
Annual CAPEX TCI % (7,)“9] TCI/CNY
(1+r) -1
OPEX,, 39.89M,, +0.2M\, +0.6M,, M/kg
OPEX OPEX,,, 0.013xTCI" TCI/CNY
OPEX OPEX,,+OPEX_,, OPEX/CNY
oM 0.02xTCI" TCI/CNY

T BLEFRELAETE (USD) NATF AL A G R L S 2 H O AR (CNY)D.
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Fig. 3 Variation of overall efficiency and net power
output in an ORC cycle system using C,H, as working
fluid with respect to evaporation pressure
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Fig. 4 Comparison of heat exchange at cold end of an ORC cycle using C,H./Kr and C,H, as working fluids
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Table 6 Optimal operating conditions and performance of ORC systems for each working fluid

Working fluid Flow rate/(kg/h) P /MPa T/K Ned % P/kW

C,H;, 205.0 5.0 179.3 81.50 12
C,H, 407.3 3.0 225.7 74.06 15.77
C, Hy/Kr 306.4 7.0 126.7 84.56 9.921
C,H¢/Xe 463.6 5.0 170.1 83.57 10.47
C,Hy/Xe 665.0 4.0 178.2 77.11 13.96
C,Hgw C,H/Kr. Xe 482.3 5.0 121.9 79.04 12.52

3.2 AAFEMEN
ERT THT, RSG5 %N 155.7 kW
(R 214.2 KW, & DIHES8.47 KW, &k
L RER AR ) N 58.18% F189.2% . F G
KI5 FR, THEAR RSk N 221.8 KW, FE
ERFARERAZOX . i, LH, 75 ORCH#A
A RE AT T &R G0 AR 5 B o il 28.6% i
43.7%. X F BT LH, B 5 470 46 vA B 2 B 0K
THENBHFEE, H ORC T &4 5% H B4 [nl
I, H LH, A% 58 S AR DXORT A 7 PR R 22 £ #4
5350 T 97 KW I O . itk — 0 BRRZ X 35k 1)
TR, HIE TR 5L T HE 1% A 30RE
HHiaEFaae S, AR I AT @ A 4 TR X B A
. BN T BRI RS HIRALVTIT .
BRI AT (K6) £, B
LH, 224, In#ies 1 F0 3 R $H 2 ER A E LS,
A BRI 22 51 R T RIZL AN AT AR B %
THHEM S, REHMBMEET ZRa0 &80

24%, AR LT IR AR IR IR FFAE 92.66% L
Ko BbAh, 544 LH, & s (HE 41 1 ik
108.62 kW) #H L™, & RS+ HE (1) 2 31 H
53.54 kW, &EFKT 50.71%. X—Xfthgs R 7
SYEMIE T AT FL AT B A BEAR 2R F LT (4R T
LH, ¥ B8 [E WA R0 26 7 THT R mT AT PR S5 R ik

TR I, AR SR 0 R FA R R B A
TIEN A, TR A5 R T R g HAE A
OO MRIRBH A FIIMERE KT . RS EE A
52 R AR B 1.5%/d [ BOG HEji %
TEASL, B, AR FE RSN ARELE P E
HIEIE. 75K ES 224308 KR 4
T2 TR, 25 TR AT T RGUR A BE AR
N, THASHE RGeS PPl R
BB RIS, FMFREAT T R B BUBR . M E

=7

o
TR WG R AR IR IR AR R R 2 B 50 kPa i,
Y I % 155.7 KW f& 4 155.5 kW, fE

4% HH 89.20% % %2 89.19%, Ml 2% t 58.18% %
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Fig. 6 Exergy loss or destruction for each equipment

2 /NT 5% 1 ANN = R BAREAR L1 7(a)~(c)]-
Plie RAGHI AR . BB AR S TR N E T,
W U125 58 B ANN AR A2 5 NSGA-TTS A% 57%
A, SHAPKUE ST IR, M. fEER
L i TR R 25057 78 0.4074. 0.0199
F10.5727, HULHHE F D2 SR N AR RS
WAL 0 H bR o JE T AU (1) TOPSIS HE/ 25

R, WAL N 0.7001 Y T A 4 JR e A iR [l 7
(d)], BIRGEITSH NN, E 179.97 kg/h. ORC
T & 591.67 kg/h il CO, Wi & 163.07 kg/h I,
RYMMFE N 59.63%. BEEE N 88.97% LUK i%
by TR N 154.87 KW 5 SR BT 1 bL i o
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T3 I FEA% 0.53% F10.23%, 1H 2R Gel 3 11 4%
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Table 7 Key parameters of working fluids

Working fluid Flow rate/(kg/h)  Temperature/K  Pressure/MPa

LH, 110 -250.3 0.3
BOG 1.65 -250.3 0.3
N, 150 20 15
CO, 160 20 0.1
H,(i) 100 -20 35
H,(f) 10 70 0.3
LN, 150 -195.9 0.1
Dry ice 88 -88.02 0.1

CiHyiXe 600 -151.5(1); 130(v)  0.1(I); 4(v)

T AN, FABERH, 0 REAEEELEE, v R K IR EE .

THT 1.45%. i) PRE RO E PLBER A
FIEP AL, BV LN, 5 Tk 54 S T
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X, % Bk 127.47 Wikg:  SCHR[B, 22] & 5]
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Fig. 7 Relative error of ANN model and multi-objective optimization results
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Table 8 Comparison of cold energy recovery performance at LH, hydrogen refueling stations

Recycling process

Net energy recovered/(W/kg)

ORC, mixed pre-cooling®®
Two-stage ORC, PEMFC (detailed modeling)®
ORC, direct expansion, PEMFC(r, =68%)%”

ORC, cold energy storage, direct expansion, mixed pre-cooling, PEMFC (n,. =50%) (this study)

127.47
207.01
341.27
379.70
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Fig. 8 Economic feasibility analysis
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Table 9 Comparison of key metrics between off-grid
and on-grid modes

Performance Off-grid On-grid
Pt/kW 155.7 -91.6
Al | CAPEX 19.4 15 km);
nnua5 C 24,6265 9.4393 (15 km);
/(10° CNY) 25.4295 (30 km)
Annual operating
revenue/(10° CNY) 33.0693 38.9070
Flexibility Excellent Poor
Power supply stability — Relatively stable Stable

Emissions reduction
benefits

Green hydrogen Conventional grid
power generation power plant generation
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