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Research progress on carbon—hydrogen element matching in coal-based
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Abstract: Coal-based methanol is an important development direction in China’s coal chemical industry.
However, because coal is carbon-rich and hydrogen—deficient whereas methanol is hydrogen-rich and carbon—
deficient, conventional processes have long been constrained by low energy efficiency and high carbon emission
intensity, thereby hindering the low—carbon transition of the industry. Focusing on carbon—hydrogen element
matching in coal-based methanol systems, this review systematically summarizes the relevant technological
pathways and recent research progress. This review first analyzes the mechanisms and limitations of conventional
improvement routes, including the adjustment of the hydrogen—carbon ratio via the water—gas shift reaction, coal
and biomass co—gasification, and sorption—enhanced water—gas shift for hydrogen production. From the perspective
of energy—mass coupling, the review further summarizes three categories of system reconfiguration pathways that
break through the traditional coal gasification framework: coal-based methanol integrated with CO, hydrogenation to
methanol pathways based on carbon flow reconfiguration, coal-based methanol coupled with hydrogen production

from water electrolysis pathways based on clean hydrogen supplementation, as well as the coal-based methanol and
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power polygeneration pathway based on cascade energy utilization. The technical principles, energy—mass coupling
characteristics, and current research status of these three pathway categories are discussed. Meanwhile, the progress
and limitations of multi—objective optimization and life cycle assessment in coal-based methanol system
optimization and process evaluation are summarized. Finally, future research directions are proposed in three
aspects: deepening the analysis of energy—mass coupling mechanisms, advancing multi-source system integration,

and improving optimization and evaluation methodologies.

Keywords: coal-based methanol; carbon—hydrogen element matching; energy—mass coupling; global optimization;

integration; systems engineering
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Fig.1 Schematic of two mechanisms for the water—gas shift reaction
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Fig.2 Sorption-enhanced water-gas shift for hydrogen production: (a) schematic of diagram process flow;

(b) schematic diagram of catalyst reaction and regeneration"’
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co—gasification combined with carbon dioxide hydrogenation
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Table 1 Reaction steps of the HER in different media
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Fig.5 (a) AEM pathway and (b) LOM pathway of the OER"”
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Fig.6 Simplified process flow diagram of parallel-type and series—type coal-based methanol-power polygeneration systems''
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Table 2 Key configuration variables and their impacts in coal-based methanol-power polygeneration systems
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Table 3 Summary of typical performance for different carbon—hydrogen element matching pathways

BOLR  BRAERGRE/
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T2 BERU% 1o (1 COJt MeOH) LRV W gy OB
L5 CTM T2 2545 35.05~41.5  2.50~3.56  TPC=1897~1950 CNY/t MeOH;PP=7.2a TRLY9  TRL9 [101-103]

I/ 1 T S A P 32.8 55.29 — — TRL7  TRL7 [104]
WILF WSS A CO,  51.56~57.38 81.52~95.68  0.40~2.00 TPC=1369 CNY/t MeOH;PP=2.8 a;  TRL8~9 TRL7 [105-107]

I IRR=22.4%
TR i A HUAR K T &l 57.64~59.20 75.80~84.56  0.23~2.20 TPC=2540~3382 CNY/t MeOH TRLY9  TRL7 [69,82,108]
TR B ) ) 220 56.8 39.50 — IRR=15.529%~24.1%;PP=4.14 a TRL9 TRL6~7 [98,109]
ZERENR T Z 53.66 87.5 0.32 TPC=1722 CNY/t MeOH TRL6~7 TRL2 [70]

1 1 TPC— A 7= AR s IRR— P AL 25 5% 5 PP—H3 % [l i3 .

2. PR RS . TRL 9 R Tl fb Az 7 s TRL 8 4B B AR TRL 7 442300 £ FUBUR VI IE ; TRL 6 Jy FFik I8 3IF ; TRL 5 M 40

TEH R TRL 4RI T AH R TRL 3 X LN & 5 ER B .
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Fig.7 Steps of multi—objective optimization
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Table 4 Energy flow type descriptions and typical examples for the coal-based methanol system
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Fig.10  Summary of carbon—hydrogen element matching pathways in coal-based methanol systems and future development roadmap
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