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Abstract: Carbon capture, utilization, and storage (CCUS) technology has made significant progress in reducing
CO; emissions in recent years, but its large-scale application is hindered by high energy consumption and high
complexity. To enhance energy utilization efficiency, integrated of carbon capture and utilization (ICCU) has
emerged as a promising research focus. ICCU process enables the capture and in situ conversion of CO; via
dual-functional materials (DFM), converting the captured CO- directly into economically valuable chemicals with
high efficiency. Compared with the conventional CCUS technologies, ICCU significantly simplifies processes
such as desorption, compression, and transportation, demonstrating substantial potential for large-scale
application. This review focuses on ICCU-methanation (ICCU-Met) process, first providing a systematic
introduction to the process and a thermodynamic analysis of its feasibility. Then, the DFMs used in ICCU-Met are
discussed intensively, their performance is compared in terms of CO; capture capacity, catalytic activity, and
stability. The review also critically examines the scaling-up challenges of ICCU-Met technology in practical
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applications, including issues such as the effects of real-world flue gas conditions, reactor design, and economic
feasibility. Finally, the review summarizes the developmental bottlenecks of this process and proposes potential

research directions for the future.
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Tab.1 Summary of Ni-based DFM performance and reaction conditions in ICCU-Met process

— CO, fii CO $E1k, COMLMHi  COB6{k%/  CHaf"%/  CHaikfEte 5%
¢ AR AR (mmol g9 % (mmol g % Sk
LisSi0.@Ni/CeO; 15% CO,-560 C 100% H2-560 C 5.40 96.00 5.00 96.00 [42]
Ni/Cazr(0) 15% C0,-600 C 66.7% H2-600 C 9.00 94.00 6.70 74.00 [36]
(Li-Na-K)NO3-MgO-Ni/CeO; 65% C0,-300 ‘C 5% H-300 C 2.74 40.00 1.10 89.00 [43]
1% Ni/CeO,-Ca0 15% C0,-550 C 100% H»-550 C — 62.00 8.00 — [34]
Ni-Al203/NaNO3-MgO 50% CO2-300 'C 100% H»-300 C 2.50 90.00 2.70 95.00 [44]

5% Ni/CaO-P 15% C0,-550 C 100% H,-550 C 7.02 42.47 2.85 94.09 [6]
CeNiYMgCa 10% CO2+3% H20-450 C 40% H,-450 C 11.00 — 10.50 — [45]
10% Ni-30% Ca/Al,03 1% CO2+10% O2-450 C 100% Hp-450 C 0.39 46.00 15.30 97.00 [46]

10% Ni-8% Na;CO3-8% ) P I B
CaO/ALO. 10% CO,-280 C 10% H»-520 C 0.47 0.20 94.10 [47]
Ni-AMS-MgO 65% CO2-500 'C 50% H,-500 C 1.86 79.00 1.37 85.00 [48]
Nio.1/Ceo.1Nio.1Ca 10% CO,-450 C 40% H,-450 C 11.96 92.00 11.06 99.50 [40]
AMS-Ni/Al,03-MgO 15% C0,-300 C 10% H,-300 C 6.46 76.40 0.85 96.27 [49]
Ni/AlCaOy 10% CO,-450 C 30% H,-450 C 1.79 95.00 1.78 90.00 [50]
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Fig.4 Reaction mechanism of different Ni-based bifunctional materials in the ICCU-Met process
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Tab.2 Summary of Ru-based DFM performance and reaction conditions in ICCU-Met process

Ru/Ce0,-MgO 35% CO,-300 C 5% H2-300 °C — 55.70 0.33 — [52]

1% Ru-16% BaO-~Al;03 1% CO,-350 ‘C 4% H,-350 C 0.23 69.00 0.15 99.00 [53]
1% Ru,;~Al,03,17% NaNOs/Mg 10% CO,-300 °C 10% H,-300 °C 2.62 62.00 151 — [54]
Ru:NazoAl 10% CO,-340 °C 5% H2-340 °C — — 0.23 84.30 [55]

Ru/K,CO3-MgO

4% Ru-8%Na2C0O3-8%
Ca0-»-Al203

5Li-Ru/p-Al;05

10% CO2+10% H,0-150 'C

10% CO2-400 C

10% CO.-280 C

90% H2-320 'C

1.07~1.15 10000  1.07~112 10000  [56]

10% H,-400 C 0.35 — 0.36 98.00 [57]

10% H,-280 C — — 0.50 100.00 [58]
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KN REM L= AT . T NOx Il SOx H A
AR ERYE, EATH CO2 2R 5 4 DFM W I, M
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ifi, H AT A I E A 3 AR T U REAT R
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Fig.6 Schematic diagram of dual-fixed bed reactor system
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Fig.7 Schematic diagram of dual-fluidized bed reactor system
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Tab.3 Summary of domestic and foreign pilot scale apparatus for calcium looping CO: capture technology
BRER 1 S RS PR K
Wbl Y co, %
kw KT WM R JREEC H WiRIm wEm EEIC E% ik
Z[%
ijéj:{lKER —  RWK 0.250~0.350 105.00  600~700 — — — 900~920 >99.0  [89]
;fgi%ﬂ 1900 BEAbR 3.300 420 650 I 4 7 0.900 500  500~1000 — [93]
in
gf{?ﬁ}i‘% 1700 {EFALAE 0650 1500  600-715  fEHULALK 0750 1500 820950  90.0  [93]
%ﬁiﬁﬁ 1000  fEFAYLALIR 0590 866  650~670  {EEHFVEILEE 0400 1135 <1000 920  [93]
EEIEN PN 200 FEHAALIR 0.033 6.00  590~680 EHFALIR 0.021 10.00 875~930  97.0 [93]
BRZ IR 120 KK — — 450~650 EIE S — — 850~1300 >90.0  [93]
gﬁﬁ;ﬁf‘ﬁ"g 75 BOMRLR 0.100 2.00~5.00 580~720 PEFR AR 0.100 450~5.00 850~950  97.0 [93]
| 48751 nw
S IS YN 25 UK 0.100 430  600~650 E3(UMTREAZN 0.165 1.20 900~950  80.0 [93]
RSNG4 10 EERR 0.149 1.00 630 [ EMREAZN 0.117 1.00 850 95.0 [93]
WHLKE —  ERK 3.750 0.12 700 S R(IM AN 3.750 0.12 900 825 [93]
gigﬁ;ﬁ;?ﬁ —  BIK 0.150 300  550~700 — — — — >09.0 [91-92]
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Fig.8 Economic analysis for ICCU and CCU technology
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