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Abstract: Coal-to-methanol remains the dominant industrial pathway for methanol production;
however, its significant carbon emissions pose major challenges to the chemical industry’s transition to
green and low-carbon development. As global methanol demand continues to grow, addressing the
environmental burden of coal-based production has become increasingly critical. Carbon capture,
utilization, and storage (CCUS) is widely recognized as a promising solution for large-scale emission
reduction. However, its high energy consumption, process complexity, and potential leakage risks can
offset some of the net climate benefits. Therefore, a comprehensive and scientifically robust carbon
emission accounting framework is essential for accurately evaluating the mitigation potential of CCUS
across the entire coal-to-methanol value chain. Integrating CCUS into coal-to-methanol systems
introduces a range of challenges due to complex inter-unit interactions and the nonlinear behavior of
material and energy flows. Existing carbon accounting standards are often difficult to apply directly, as
they fail to capture internal carbon transfers among subsystems and overlook feedback mechanisms
induced by CCUS. To address these limitations, this study develops a whole-process carbon emission
accounting framework tailored for coal-to-methanol systems with integrated CCUS. The framework
aims to fill current methodological gaps, enhance transparency and comparability of emission data, and
support scientific evaluation of emission reduction performance at both process and system levels. The
framework defines system boundaries encompassing raw material input, syngas generation, methanol
synthesis, purification, CCUS operation, and product delivery. Layered and categorized accounting
methods are applied to systematically trace carbon sources, flows, and sinks throughout each stage. To
improve accuracy and represent process dynamics, the framework is coupled with Aspen Plus process
simulations, allowing simultaneous tracking of carbon flows under various operational scenarios. This
coupling overcomes limitations of static accounting approaches and enables quantitative assessment of
the impact of process integration on the carbon balance. Sensitivity analysis is conducted to evaluate the
influence of uncertain parameters on the accounting results, thereby assessing the robustness of the
proposed method. A case study of an industrial-scale coal-to-methanol plant with an annual capacity of
1.2 million tons validates the framework. Results indicate that the baseline carbon emission intensity of
the conventional process is 3.00 tons of CO, per ton of methanol, which decreases to 1.88 tons after
CCUS integration. Despite an 83.1% CO, capture rate, the net emission reduction rate is only 37.8%
due to energy penalty-associated emissions from CCUS operations. Further analysis reveals that
maximizing mitigation potential requires coordinated optimization of both the gasification and acid gas
removal units. Overall, the proposed framework provides a rigorous and generalizable approach for
carbon emission assessment in coal-to-methanol and other carbon-intensive industries.

Keywords: Coal-to-methanol; CCUS technology; Carbon emission accounting; Carbon emission

reduction; Aspen Plus simulation
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Fig.1 Schematic of the coal-to-methanol process flow
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Fig. 4 Simulation schematic diagram of the coal gasification unit
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Table 1 Simulation results and validation of the coal gasification unit

JBE IR 4H /%0
25 R/ JE }1/MPa
H, Cco Co, CH, H,0 H,S N, oS
IS 240 6.40 14.10 21.85 5.24 0 58.27 0.27 0.25 0.02
SCR g 240 6.50 14.01 21.37 6.15 0 5731 0.14 0.46 0.02
AHXT R 2 /% 0 1.54 0.64 225 14.80 0 1.68 92.86 45.65 0

TE: Bl h SR r AR, AU

oKl

PRt

TE: b0 1——5 s b02——Z /K MR R A5 1 b03——IR AR FIA IR
B5 KESTHRBETRIRER

Fig. 5 Simulation schematic diagram of the water-gas shift unit
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Table 2 Simulation results and validation of the water-gas shift unit
JEE IR 20 1 /%
B e R/ C JE J1/MPa
H, Cco Co, CH, H,0 H,S N, Cos
I B 40 6.28 47.90 19.60 31.28 0 0.15 0.22 0.47 0.01
Tk 40 6.10 44.50 21.10 32.80 — — — 0.40 0.02
AHXT R 2 /% 0 2.95 7.64 7.11 4.63 — — — 17.50 50.00
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Fig. 6 Simulation schematic diagram of the acid gas removal unit with carbon capture system
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Fig. 7 Simulation schematic diagram of CO, compression and liquid ammonia cooling process
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Table 3 Simulation results and validation of net synthesis gas from the acid gas removal unit

IRB 5%
B A IREE/C % J1/MPa
H, Cco Co, CH, H,0 H,S N, Ccos
SR 20.60 3.00 66.84 27.50 478 0.33 0 0 0.55 0
Tl 27.00 2.80 70.33 27.56 — — 0 0 0.37 0
AEXT R 22 /% 23.70 7.14 4.96 0.22 — — 0 0 48.65 0
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Fig. 8 Simulation schematic diagram of the methanol synthesis and distillation unit
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Table 4 Simulated material results and model validation for the methanol synthesis and distillation unit

HIrIZH HELFP B 2 2R L M B A AHXT R 22/% G AL DL 2 2R i P s AHXS 1222 /%

H, 9.00 ppm 11.00 ppm 18.20 0 0 0
co 21.00 ppm 28.00 ppm 25.00 0 0 0
CO, 2.50 2.20 13.60 0 0 0
CH, 242.00 ppm 139.00 ppm 74.10 0 0 0
C,Hg 29.00 ppm 50.00 ppm 42.00 0 0 0
N, 44.00 ppm 105.00 ppm 58.10 0 0 0
CH;0H 89.10 87.90 1.37 99.90 99.90 0
C,H;OH 0.26 0.20 30.00 0.10 0.10 0
CH;0CH; 558.00 ppm 400.00 ppm 39.50 0 0 0
CH;COOH 403.00 ppm 280.00 ppm 43.90 0 0 0
H,0 6.90 9.50 27.40 0 0 0
T/ C 40.00 40.00 0 40.00 40.00 0

J&71/MPa 0.50 0.50 0 0.13 0.10 30

T B A R AR, 28 FEARUE AT R hppm 10,
®5 TEHBHERZNESREIZXBYRHEIER
Table 5 Simulation results of key materials in the coal-to-methanol process with carbon capture system t/h
o3 A WA AR IR HE IR i e
H, 14.71 23.72 23.52 0
CO 267.16 140.50 134.47 0
CO, 205.28 400.02 36.61 0
CH, 1.05 1.04 0.93 0
H,S 2.77 2.60 0 0
H,0 129.68 0.71 0 0
N, 2.79 2.79 2.68 0
COS 0.26 0.12 0 0
CH;0H 0 0 0 163.77
it 623.96 571.70 198.25 163.85

3 #R5iH
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3.1 WRHEEZE ST Table 6 Carbon emission accounting results for
3.1.1 Kt B2 5 HE A A 7*5:_ %R coal-to-methanol
XEARFEG CCUS RYAE G F i T 247k B WeHEHCRE/ (Tt COya ) et %
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Fig. 9 Carbon emission structure and intensity of the whole process coupled with CCUS in coal-to-methanol
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emission factors
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