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Abstract: [Objective] To address the practical challenges in cold northern regions of China, including the growing
demand for winter heating, severe pollution from coal combustion, and the performance degradation, efficiency
drop and frost formation of air-source heat pumps under low-temperature conditions, this paper proposes a novel
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compressed gas heating and water-based carbon capture integrated system. [Methods] The system increases the
pressure of flue gas through multi-stage compression, with the compression heat being utilized in a cascaded
manner. The high-grade compression heat is used for residential heating, thereby avoiding the problem of frost
formation in low-temperature environments with heat pump heating. Subsequently, the low-grade compression heat
is harnessed to preheat the gas before it enters the expander within the expansion module, thus increasing the power
output of the expander. In parallel, a two-stage water-based carbon absorption-desorption cycle is adopted to achieve
CO- enrichment and purification, harnessing the cold climate of northern regions to promote the dissolution of CO>
into the circulating water, while recovering a portion of the compression work via the expander. To evaluate the
system’s performance, a simulation model of the proposed system is constructed in Aspen Plus, with the specific
energy consumption for CO> capture, heating load, CO; separation efficiency, and product gas purity designated as
the key performance indicators. Based on these criteria, a quantitative performance analysis of the system is then
carried out. A sensitivity study is conducted on key parameters such as ambient temperature and absorption pressure.
[Results] Under the design condition of 10 MW heating supply, the system achieves a CO; capture rate of 85.65%
and a product gas purity of 99.72%. The specific energy consumption for CO. capture is 290.18 kW h/t and the
capture cost amounts to 183.51 yuan/t, representing a reduction of about 25.43% compared with that of the
conventional amine-based capture technology. Sensitivity analysis indicates that lower ambient temperature, higher
second-stage absorption pressure (=1 200 kPa), a moderate second-stage circulating water flow rate (300~500 kg/s),
and a medium-to-high inlet CO; concentration (=15%) are conducive to achieving low-energy and high-efficiency
operation of the system. [Conclusion] This study proposes an integrated system that combines compressed gas
heating, low-temperature water-based carbon capture, and cascaded waste heat utilization, which enables the
effective synergistic achievement of the dual goals of heating supply and carbon emission reduction. The system
features the advantages of low capture energy consumption, stable heat supply, and strong environmental
adaptability, providing a promising technical pathway for clean heating and low-carbon flue gas treatment in cold
northern regions.

Key words: water-based carbon capture technology; compression heat; heating; waste heat recovery; energy
cascade utilization
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Fig.1 Schematic diagram of the compressed gas heating and water-based carbon capture coupled system for cold regions
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Fig.2 Comparison between the simulation data of the
absorption tower model and the data from reference [24]
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Tab.2 Composition and state of the flue gas entering the

system

B4 g
K 273.15
JE J7/kPa 100
CO, Jii & 4341 0.2285
N2 J5i £ 5341 0.7420
Oz i g7 4 0.029 5
NIRRT ENE/(kg s 34.41

*x3 RGTERITSH
Tab.3 Key design parameters of the system

4 Kl
WEREIK 263.15
WHEIE Si/kPa 100
— R (R I F1/kPa 5100
ZIRIRSIA AR 1 kPa 1300
—GIKEHUZIK I 71/kPa 100
THRIKFEH UK E Ji/kPa 100
FEARALE 4R LG 2.84
FEAEML AR 1% 87
K ALK LE 2.52
T L 23R 1% 88
IR SR 1% 70
IKECHLE R % 80
TNFARE K 5 SRR K 308.15
WS ES N K /K 283.15
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Tab.4 State parameters of the system stream nodes during
the compression and expansion processes

REDS WK & JilkPa at/(kg s7Y)
al 273.15 100.00 34.41
a2 376.18 284.16 34.41
a3 308.15 275.63 34.41
ad 267.32 267.37 34.41
a5 368.51 759.74 34.41
a6 308.15 736.95 34.41
a7 267.09 714.84 34.41
a8 368.54 2031.29 34.41
a9 308.15 1970.35 34.41
al0 266.96 1911.24 34.41
all 369.03 5430.97 34.41
al2 308.15 5268.04 34.41
al3 291.69 5110.00 34.41
ald 283.31 5100.00 27.06
al5 303.15 4956.70 27.06
al6 240.16 1970.35 27.06
al7 253.15 1911.24 27.06
al8 303.15 1853.90 27.06
al9 241.28 736.95 27.06
a20 253.15 714.84 27.06
a2l 303.15 693.40 27.06
a22 241.66 275.63 27.06
a23 253.15 267.37 27.06
a24 303.15 259.34 27.06
a25 241.56 103.56 27.06
a26 253.15 100.00 27.06
a27 283.19 1300.00 0.61
a28 154.61 100.00 0.61
a29 253.15 100.00 0.61
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Tab.5 State parameters of the stream nodes for the two-stage water-based carbon capture cycle

2053/ (kg kgt B
IRAS £ R EIK & F1/kPa mEl(kg s7Y) THRAS
N, O CO. H20
bl 291.69 5110.00 34.41 74.20% 2.95% 22.85% 0 S
b2 284.63 5104.74 607.82 0.08% 6.70X10° 1.31% 98.59% WAH
b3 283.68 100.00 607.82 0.08% 6.70X 105 1.31% 98.59% KEHRE
b4 283.68 100.00 600.42 2.40X 10 3.81Xx107 0.20% 99.80% WA
b5 283.68 100.00 600.47 2.40X 106 3.81x107 0.20% 99.80% WA
b6 285.39 5110.00 600.47 2.40X%10°6 3.81X107 0.20% 99.80% WA
b7 283.15 5110.00 600.47 2.40Xx10° 3.81X107 0.20% 99.80% WA
b8 283.31 5100.00 27.06 92.46% 3.60% 3.91% 0.02% S
b9 283.68 100.00 7.40 6.95% 0.55% 91.95% 0.56% S
b10 396.38 384.67 7.40 6.95% 0.55% 91.95% 0.56% S
b1l 308.15 373.13 7.40 6.95% 0.55% 91.95% 0.56% v
b12 273.15 361.94 7.40 6.95% 0.55% 91.95% 0.56% KA A
b13 273.15 361.94 0.04 1.11X10°° 1.80x10° 1.03% 98.97% WA
b14 273.15 361.15 7.36 6.98% 0.55% 92.39% 0.08% S
b15 384.28 1392.28 7.36 6.98% 0.55% 92.39% 0.08% S A
b16 308.15 1350.52 7.36 6.98% 0.55% 92.39% 0.08% S
b17 273.15 1310.00 7.36 6.98% 0.55% 92.39% 0.08% S A
b18 285.34 1301.04 357.18 450X10° 7.56x10° 2.09% 97.90% WiAH
b19 285.12 100.00 357.18 450%10°° 7.5610° 2.09% 97.90% SRR A
b20 285.12 100.00 350.39 8.23X 1078 2.78X10°8 0.21% 99.79% WA
b21 285.12 100.00 350.43 8.24X 1078 2.78X10°8 0.21% 99.79% WA
b22 285.53 1310.00 350.43 8.24x10°8 2.78X10°8 0.21% 99.79% WA
b23 283.15 1310.00 350.43 8.24x10°8 2.78X10°8 0.21% 99.79% WA
b24 283.19 1300.00 0.61 82.19% 6.23% 11.51% 0.07% S
b25 285.12 100.00 6.79 0.24% 0.04% 99.14% 0.59% S
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Tab.6 Energy flow distribution and performance
quantification of the system

N T T ik B, MR KR
s BV W W e
R4l 1 3536 — — —
Hehas H1 — — 2.359 18.81
FE4RML 2 3.455 — — _
Ptk is H2 — — 2.109 16.78
JE4EHL 3 3.436 — — —
gt H3 — — 2.142 17.08
E4ipL 4 3.398 — — —
Hehas H4 — — 2.258 18.01
JEZRRAL 1 — 1.665 — —
AL 2 — 1.689 — —
AL 3 — 1.700 — —
REZRKHL 4 — 1.704 — —
BHEL 4.300 — — —
KEHL 1 — 2452 — —
FE4RML 5 0.749 — — _
gt H5 — — 0.606 483
JE4EHL 6 0.702 — — —
A HE — — 0.531 4.24
TR 2 0.606 — — —
IKEEHL 2 — 0.345 — —
JEZRKAL 5 — 0.077 — —

Mt 20.181 9.632 10.00 79.75

e R 7 FIRZEAE .

=7 ERWERBCES CGH-WCC il ERERTEL
Tab.7 Carbon capture performance of the conventional
chemical absorption method and the CGH-WCC system

ZH R AOE CGH-wCC
CO 4 RERE ~2.6 G/t 290.18 kW hit
Tk R g 265 Jr/t
Tk By 0.632 4 JT/(KW h)
CO, i REFE A 246.08 T/t 18351 Ji/t
COp 4l >99.9% 99.72%
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R CO2 LB 4 N REESHUT R RGN BURME 5
M, DARR & SHON RS ICE SRR M 2
e FA: o
2.2.1 BB
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Fig.3 Influence of ambient temperature on specific energy
consumption for CO2 capture and heating capacity
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mass fraction in product gas and CO: capture rate
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Fig.5 Influence of secondary absorption pressure on specific
energy consumption for CO2 capture and heating capacity
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CO:2 mass fraction in product gas and CO: capture rate
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