[bookmark: OLE_LINK3]Detailed Response to Reviewers
Dear Editors and Reviewers:
Thanks very much for the Editors/Reviewers' comments concerning our manuscript entitled “Permeability-driven optimization of carbon dioxide injection timing in enhanced coalbed methane recovery” (COAL-D-25-00037). Those comments are all valuable and very helpful for revising and improving our article, as well as the important guiding significance to our researches. We have studied the comments carefully and tried our best to revise and improve the manuscript according to the constructive comments. We appreciate for Editors/Reviewers' warm work earnestly. We would be glad to respond to any further questions and comments that you may have. All the revised portions are marked in red in the article. The main corrections in the paper and the responds to the reviewers' comments are as following:

· Reviewer #1: 
[bookmark: _Hlk197932719]Comment (1): The manuscript deals with excessive space to lengthy derivations and mathematical formulations, many of which are standard and widely presented in many paper.
Response: Thank you very much for your valuable comment. In response, we have made the following revisions:
① We have reduced the number of formulas from 18 to 13 by removing some standard and widely known formulas in the field.
② We have also eliminated redundant descriptions to make the manuscript more concise and focused.
Furthermore, we have ensured that the remaining formulas and derivations are necessary for understanding the core contributions of our work. The modified content can be found in Section 2.1 "An improved THM coupling model for CO2-ECBM"

Comment (2): The experimental validation is limited. Namely, the single lab-scale setup is used to validate a highly complex and multidimensional model. A broader dataset or field-scale validation would greatly strengthen the credibility of the findings.
Response: Thank you very much for your insightful comment. In response, we have taken the following steps to strengthen the validation of our model: We have conducted simulations of the natural depletion recovery process, and compared the simulation results with historical field data, which further verifies the validity of the mathematical model, geometric model, boundary conditions, and parameter selection. The added verification contents are as follows: 
2.4.2 Rationality evaluation of numerical simulation
To evaluate the applicability of the numerical simulation in terms of parameter selection, boundary conditions, geometric model, and mathematical modeling, we simulated the natural depletion recovery scenario of a representative production well in the Qinshui Basin under different permeability conditions. During the COMSOL Multiphysics simulations, the partial differential equations describing CO2 transport were temporarily deactivated to simulate the natural depletion recovery process. The simulated CH4 production rates were then compared with historical field data (Sun et al. 2016). As shown in Fig. 6, the CH4 production rate over time exhibits two distinct peaks under different permeability conditions, which is consistent with field observations. With increasing permeability, the agreement between the simulated CH4 production rates and the measured data improved, enabling more accurately capture both the production peaks and the subsequent decline phase. These findings indicate that the proposed model offer improved physical consistency and predictive capability in simulating CH4 flow behavior, thereby providing a more robust foundation for subsequent CO2-ECBM numerical simulations.
[image: ]
Fig. 6. History matching and model comparison of CH4 production rate in natural depletion recovery.

Comment (3): More in-depth results discussion as well as the description of the potential practical results application should be added in the revision of this paper.
Response: Thank you very much for your helpful comment. In response, we have added a more in-depth discussion on the CO₂ delayed injection mechanism and its potential practical applications in Section 4.2. We believe this addition improves the depth of the results discussion and highlights the practical relevance of our findings. The added verification contents are as follows:
4.2 Mechanisms and potential applications of delayed CO2 injection
[bookmark: _Hlk197461140]Through comprehensive simulation analyses of injection timing, this study demonstrates that delayed CO2 injection can markedly extend production times, enhance CH₄ recovery, and effectively prevent premature CO2 breakthrough to PW (Fig. 16 (a) and (b)). The underlying mechanisms can be summarized in three key processes. First, by delaying CO2 injection, more sites are freed, allowing CO2 to more effectively displace residual CH4, thereby improving recovery efficiency. Second, during the early stages of CBM production, dewatering and depressurization dominate, with water occupying much of the pore space. Immediate CO2 injection under such conditions increases gas-water flow resistance, reducing displacement efficiency. Third, CH4 desorption initially induces matrix shrinkage, slightly enhancing permeability. Early CO2 injection can reverse this effect via matrix swelling, decreasing permeability. A delayed injection schedule allows permeability to stabilize, minimizing such negative impacts.
The observed relationships between permeability, CH4 production, and CO2 breakthrough align broadly with prior research, yet this study offers novel insights into optimizing injection timing. Notably, the influence of different permeability rates on the timing of CO2 injection, as well as the timing of CO2 injection when CO2 sequestration and CH4 production are the primary constraint, as illustrated in Fig. 16 (c) and (c). These findings provide a robust framework for the precision development of complex CBM reservoirs. In practice, field-based permeability measurements, integrated with the proposed models, can guide the design of tailored CO2 injection strategies to maximize CH4 yield, enhance CO2 sequestration, and reduce operational costs. For major Chinese CBM basins, such as the Qinshui and Ordos Basins, these optimization protocols hold substantial promise for broad application. Beyond resource recovery, the outcomes of this research offer critical insights for advancing carbon capture, utilization, and storage (CCUS) deployment and mitigating greenhouse gas emissions.
[image: ]
Fig. 16. Delayed CO₂ injection mechanism and optimization schematic diagram.

Comment (4): The manuscript has potential but requires significant improvements in structure, language, validation, and scientific clarity. (Please use the typical scientific paper structure).
Response: Thank you very much for your valuable comment. In response, we have made substantial improvements to the manuscript by adopting the typical scientific paper structure, including Introduction, Methods, Results, Discussion, and Conclusions. Specifically, we have moved the section “Optimization of CO₂ injection time under various permeability” into the Results section, moved the sections "Model verification" and "Numerical simulation setup" to the Methods section. Additionally, we have expanded the validation and discussion sections to improve the clarity and scientific rigor of the paper, and the grammar has also been improved. We believe these revisions have significantly strengthened the overall quality and readability of the manuscript. 
· [bookmark: OLE_LINK2]Reviewer #2: 
Comment (1): There is a suggestion to combine the first two sentences of the abstract into one sentence (Page 1, Lines 14-17).
Response: We appreciate the reviewer’s valuable suggestion. Following the recommendation, we have combined the first two sentences of the abstract into a single, more concise sentence. Additionally, we expanded the abstract to include more background information and highlight the significance of the study. The added verification contents are as follows:
[bookmark: OLE_LINK24][bookmark: OLE_LINK30][bookmark: OLE_LINK36]Abstract: Reducing greenhouse gas emissions and improving unconventional gas recovery are pressing challenges worldwide. This study investigates the leading role of coal permeability in CO2-enhanced coalbed methane recovery (CO2-ECBM) using an improved thermo-hydro-mechanical (THM) coupling model. The model is validated and applied to the simulation of CO2-ECBM process under varying permeability. The direct positive relationship between both cumulative CH4 production and cumulative CO2 injection with coal permeability, and operating duration of CO2-ECBM is negatively correlated with coal permeability. The delay in the injection start time will extend the operating duration of CO2-ECBM and overcome the problem of early CO2 breakthrough. An increase in both delayed start time for injection and coal permeability progressively boosts CH4 production, while diminishing CO2 sequestration. The optimal start timing for CO2 injection is contingent upon primary objectives, such as CO2 sequestration or CH4 production. For the primary constraint of CO2 sequestration, the optimal starting time should be before the peak gas production. For the primary constraint of CH4 production, the optimal starting time should be after the peak gas production. In analyzed instances, the optimal timing for CO2 injection exhibits an inverse correlation with coal permeability. The results provide practical insights for CO2 injection optimization and field applications.

[bookmark: OLE_LINK1]Comment (2): At the initial stages, water production is nonexistent in most conventional reservoirs. However, in the case of CBM, the bulk of water trapped in cleats and fractures of the coalbed must be produced in order to attain significant gas production. The phenomena of dewatering of the formation and desorption of gas from the surface of micropores may continue for several months before the maximum rate of gas production can be attained.
- So if the production of formation water was included in the numerical simulations, it is worth presenting and describing the obtained results regarding water production.
Response: We appreciate the reviewer’s insightful comment.  We acknowledge the importance of water production during the initial stages of CBM production. However, the primary focus of this study is to investigate the effects of permeability and CO2 injection timing on the CO2-ECBM process.  We believe that gas production profiles are sufficient to illustrate these effects effectively. Adding a detailed analysis of water production might unnecessarily lengthen the manuscript and divert attention from the main objectives. 
Nevertheless, we have included a figure (Production rate of CH4 and water) and a brief explanation to show the trend of water production during the process, in order to address the reviewer’s concern without expanding the manuscript excessively. As the reviewer pointed out, during the CBM production process, the initial stage mainly relies on dewatering to enhance methane production. As shown in Figure, the gas production rate and water production rate exhibit opposite trends: in the early stage, as the water production rate gradually decreases, the gas production rate gradually increases. When the water production rate declines to a low level, it indicates that most of the water in the coal seam has been removed; at this point, with reduced water hindrance, the gas production rate reaches its peak. 
We hope this explanation meets the reviewer’s expectations.
[image: ]
Figure. Production rate of CH4 and water.

Comment (3): Add a reference for The COMSOL Multiphysics software (Page 7, Line 3).
Response: Thanks for reviewer’s reminder. We have added the references about the COMSOL Multiphysics software. Please look at the last line in "2.2 Coupling relationships"

Comment (4): Add the unit (m2) for Initial permeability (k0) in Tab.1 (Page 8, Line 31).
Response: Thanks for reviewer’s reminder. We have increased the unit of the initial permeability. Please look at Tab. 1 and Tab. 2.

[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Comment (5): Correct the Fig. 6 (c) - Page 10, Line 38:
- description of axis X should be: Reservoir permeability (×10-16 m2);
- description of axis Y should be: CH4 content (m3/t)
Response: Thank you for your valuable feedback. We have made the necessary corrections to Fig. 7 (c) (Fig. 6 (c) before modification) as suggested. The description of axis X has been updated to "Reservoir permeability (×10-16 m2)" and the description of axis Y has been updated to "CH4 content (m3/t)".

Comment (6): Correct the Fig. 7 (c) - Page 11, Line 25:
- description of axis Y should be: CO2 content (m3/t)
Response: Thank you for pointing out the need for correction in Fig. 8 (c) (Fig. 7 (c) before modification). We have updated the description of axis Y to "CO2 content (m3/t)" as per your suggestion.

Comment (7): Page 14, Line 4 - Probably should be: ".. in Fig. 12 (a)-(d)" instead of ".. in Fig. 12 (a)-(b)".
Response: Thanks for reviewer’s reminder. We have "_ in Fig. 12 (a) - (b)" changed to "_ in Fig. 12 (a) - (d)". 
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