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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The paper models three scenarios of CDR reliance with the model GCAM to investigate the impacts
of high reliance on CDR in mitigation pathways on water, land and energy. The study includes six
different CDR techniques, though the focus is not on comparing the techniques but assessing the
impacts of an unconstrained reliance on the whole portfolio of CDR. A first main finding is a
quantification of the fossil lock-in that comes with high CDR reliance. High reliance on CDR
displaces renewable energies, electrification, and demand reduction in IAM scenarios and leads to
continued fossil emissions in comparison to low CDR scenarios. A second main finding is a
quantification of the impacts of high CDR reliance. High CDR reliance shows significant adverse
impacts, for instance using a majority of the cropland in some countries of the region due to
Biochar development and thereby threatening food security.

The research question of the paper addresses an important aspect of mitigation pathways. By
including a larger portfolio of CDR techniques, the study addresses a serious limitation of many
existing CDR studies and promises to provide a more realistic vision of what reliance on negative
emissions in reaching Net-zero would involve. The study design is suitable to investigate this
question. The chosen scope of Asia offers insightful scenarios.

The paper would benefit if it addressed some of the issues below:

¢ The central policy conclusion of separating CDR deployment from emissions reductions is well
supported by the results, though an open question regarding its robustness remains when reading
the paper. One question is to what degree the results depend on assumptions relating to the
different CDR techniques. Especially the reliance on Biochar seems to have a large influence on key
results, for instance, using almost all (?) cropland of the region. If so, this seems like an
unacceptable scenario in this regard. While this supports the main conclusion of the study, the
study would profit from increasing the robustness of this finding by modeling additional scenarios.
(One could replace Section 5 in my opinion to do so.) Relevant questions are: How would
constraints relating to the SDG (for instance resulting from food security) alter the CDR portfolio
used by the models? How would this impact results relating to land use and water demand?
Moreover, how robust are these findings in relation to assumptions on how biochar is represented
(as it drives these results)? Including sensitivity analysis (also in relation to some model settings,
see below) would significantly strengthen the conclusion that high CDR reliance has severe adverse
impacts.



* One major finding is that high CDR reliance involves mitigation deterrence. This is a well-known
finding in the literature and should be put into perspective (cf. Lenzi 2018). Mitigation deterrence is
a logical implication of IAMs that optimize for whole century costs. To address this shortcoming,
Rogelj et al. (2021) propose a scenario design to detach CDR deployment from emissions
reductions. Applying this logic could make results more policy-relevant by providing policymakers
with different options for specifying Net-Zero targets. As this is not the focus of the study, one might
simply discuss the conclusions. The results are still relevant, as they quantify deterrence under a
set of assumptions.

¢ The paper would profit from reporting the discount rate and making transparent, in how far key
findings are dependent on the chosen SDR. In the context of modeling CDR, cost-minimization and
high discount rates are known to have a large impact on key results, such as mitigation costs, net-
zero timing and overall deployment of negative emissions (cf. Emmerling et al. 2019; Grant et al.
2021; Riahi et al. 2021). The discount rate is not discussed in the current manuscript, though the
authors refer to Fuhrmann et al. 2021 for discussions. Transparency of the results could be
improved by including a short discussion. Varying the discount rate could alter central results such
as the high demand for cropland and the significantly higher costs in Moderate and Low. However,
this issue is not particular for this study but reflects a lack of transparency of integrated modeling
overall (.

* Readability of Fig. 7 might be improved by using absolute numbers for a-c given the low starting
values.
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Reviewer #2 (Remarks to the Author):

Carbon dioxide removal (CDR) is essential to achieve the net-zero emissions, and the deployment
level of CDR technology is greatly depend on the time of net-zero emissions, all greenhouse gas
emissions mitigation technologies, social and economic development, related resource
constraints and etc. This paper focuses on the impacts of different CDR deployment level using
GCAM model, and provides more perspective to consider CDR development. Although the topic is
interesting, | think there are some issues with this paper, the authors are requested to go through
the following comments.

Comments:

(1) My biggest concern is that the conclusion of this article is very obvious. By 2050, net- zero
greenhouse gas emissions will be achieved. Under HIGH scenarios, greenhouse gas emissions will
inevitably be higher, and fossil energy utilization will also be more. This is closely related to the
scenario setting, thus the results in Table 2 are very obvious. The relationship between CDR and
fossil energy consumption is consistent with other literature, and there are no new findings.
Furthermore, the subsequent research results on land and water are also evident.

Overall, the analysis of this paper is not at a high level, only emphasizing the adverse impacts of
CDR technology.

(2) The application of any technology will have some impacts. | believe that for achieving the
specific temperature control goal of 1.5 °C, which can avoid climate loss, CDR is one of the optimal
technology combinations under many constraints such as technological availability and economy
factors. Therefore, this article should explain and discuss what the constraints of CDR technology
are considered in the model. For example, in the high scenario of 12GtC0O2, whether this setting
takes into account resource potential and other related constraints, and whether it can be
achieved.

(3) The introduction of the model is very unclear, and it is unclear how the author improved the
GCAM model to obtain the research results in the paper. There is a lack of explanation for the
relevant models of land, water, and fertilizer.

(4) In the high scenario, there are six CDR technologies required, some of CDR technology are
expensive, then why is the carbon price $248/tCO2 in Table 2, which is the lowest among HIGH,
MODERATE, and LOW scenarios. | have some doubts about this carbon price.



(5) The scenario settings in the model lack explanation, such as reaching 12GtCO2 by 2050 under
HIGH scenario; In the MODERATE scenario, the annual average is 1.8 GtCO2, while in the LOW
scenario it is 0.5 GtCO2 by 2050. The author needs further explanation on why this is set.

(6) The figures in the paper are not clear.
(7) The paper lacks some references, such as line64-72.

(8) There are multiple statements in the paper regarding over reliance on CDR. How is the definition
of over reliance defined here, whether it is the proportion of emissions reduction exceeding or how
itis defined.

(9) Policy implications are not in-depth enough. For example, non-CDR strategies as renewable ...
are too general, authors should clarify specific measures.

Reviewer #3 (Remarks to the Author):

This paper models future decarbonization scenarios that rely heavily on NETs/CDR. The work is of
contemporary interest and is scientifically novel, but this version of the manuscript has flaws which
need to be fixed prior to publication.

1) Specific assumptions used for the NETs covered in the work are unclear. For example, it is
unclear if environmental co-benefits are included in the calculations. These should be specified for
full transparency.

2) The results of the work should be compared with prior work, and any discrepancies should be
explained.

3) In general, the figures are of poor quality and need to be improved for easier reading.

4) A few minor (typographical/grammatical) errors in the text should be corrected.



Reviewer 1

The paper models three scenarios of CDR reliance with the model GCAM to investigate the impacts
of high reliance on CDR in mitigation pathways on water, land and energy. The study includes six
different CDR techniques, though the focus is not on comparing the techniques but assessing the
impacts of an unconstrained reliance on the whole portfolio of CDR. A first main finding is a
quantification of the fossil lock-in that comes with high CDR reliance. High reliance on CDR
displaces renewable energies, electrification, and demand reduction in 1AM scenarios and leads
to continued fossil emissions in comparison to low CDR scenarios. A second main finding is a
quantification of the impacts of high CDR reliance. High CDR reliance shows significant adverse
impacts, for instance using a majority of the cropland in some countries of the region due to

Biochar development and thereby threatening food security.

The research question of the paper addresses an important aspect of mitigation pathways. By
including a larger portfolio of CDR techniques, the study addresses a serious limitation of many
existing CDR studies and promises to provide a more realistic vision of what reliance on negative
emissions in reaching Net-zero would involve. The study design is suitable to investigate this

question. The chosen scope of Asia offers insightful scenarios.

The authors thank the Reviewer for their careful attention to our paper and the constructive
feedback. We greatly appreciate you highlighting areas where we can strengthen our study design
and writing. We have addressed each of your concerns in detail, and we hope that the revisions we
have made meet your expectations. Please let us know if you have any other suggestions based on

the revised version.

(1) The central policy conclusion of separating CDR deployment from emissions reductions is well
supported by the results, though an open question regarding its robustness remains when reading
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the paper. One question is to what degree the results depend on assumptions relating to the different
CDR techniques. Especially the reliance on Biochar seems to have a large influence on key results,
for instance, using almost all cropland of the region. If so, this seems like an unacceptable scenario
in this regard. While this supports the main conclusion of the study, the study would profit from
increasing the robustness of this finding by modeling additional scenarios. (One could replace
Section 5 in my opinion to do so.) Relevant questions are: How would constraints relating to the
SDG (for instance resulting from food security) alter the CDR portfolio used by the models? How
would this impact results relating to land use and water demand? Moreover, how robust are these
findings in relation to assumptions on how biochar is represented (as it drives these results)?
Including sensitivity analysis (also in relation to some model settings, see below) would

significantly strengthen the conclusion that high CDR reliance has severe adverse impacts.

We appreciate the Reviewer's concern regarding the robustness of our results. This is a
critical point, as it helps us assess the strength of our study's conclusions and identify which
modeling parameters have the most significant influence on the initial results. To address this
concern, we have incorporated 12 new scenarios into our analysis. Some of these scenarios examine
the impact of biochar modeling parameters, such as application and sequestration rates. Others
explore how changes in constraints on land use for climate mitigation can affect the initial results,
particularly in terms of food security resulting from cropland expansion or reduction. We have
evaluated nine different impacts, spanning cropland allocation, water consumption, demands for
fertilizer and biomass, electrification, renewables and nuclear deployment, mitigation cost,
greenhouse gas (GHG) emissions, and negative emissions. These impacts intersect with various

Sustainable Development Goals (SDGSs), including goals 2, 3, 6, 7, 11, 12, and 13.

Our findings indicate that the biochar application rate and sequestration rate have a
noticeable impact on cropland allocation but do not significantly affect the other indicators. Notably,
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the negative emissions budget, set at 0.25-1% of GDP, does not exert a significant influence on any
of the indicators. However, it is crucial to emphasize the pivotal role of the land use sector, as it

has a substantial impact on several of the indicators.

Below, we have included excerpts from the manuscript for your review which can be found
in discussion under “robustness check” (Kindly see discussion under “sensitivity analysis” for how

the sensitivity analysis was carried out).

To assess the robustness of our initial findings, we conducted a sensitivity analysis on key
modeling parameters. Our analysis indicates that, for the most part, the biochar application rate
(Fig. 7), biochar sequestration rate (Supplementary Fig. 2), and the allocation of GDP towards
negative emissions (Supplementary Fig. 3) have minimal impact on our initial results. However,
cropland allocation is highly sensitive to changes in the biochar application rate. By 2050, in a
scenario with a biochar application rate of 10t/ha, cropland allocation reaches 1.1 Mkm? compared
to 1.3 Mkm? and 2.5 Mkm? in scenarios with application rates of 20t/ha and 100t/ha, respectively
(Fig. 7a). Similarly, cropland allocation is strongly influenced by changes in the carbon
sequestration rate of biochar. Higher removal rates lead to increased biochar cropland allocation,
which in turn reduces land allocation to croplands (i.e., cropland allocation without biochar). For
example, at a removal rate of 90%, biochar demand reaches 4365 Mt, compared to 4200 Mt and
4000 Mt at sequestration rates of 70% and 50%, respectively. Consequently, cropland allocation by
2050 in a scenario with a biochar sequestration rate of 90% would reach 1.1 Mkm? compared to
1.3 Mkm? and 1.5 Mkm? in scenarios with sequestration rates of 70% and 50%, respectively

(Supplementary Fig. 2a).

The role of negative emissions from land-use change has the most significant impact on our

initial results (Fig. 8). In our main scenarios, a carbon price that linearly increases from 10% to



100% from 2025 to 2100 was applied to the land use sector (See Method). Within this range, the
percentage share of the carbon price allocated to the land use sector by 2050 reaches 40%. To assess
the robustness of our initial findings involvement of land use sector in climate mitigation, we
modeled two additional carbon price scenarios for the land use sector: a constant carbon price of
10% and 30% from 2025 to 2050. In the 10% carbon price scenario, land use change plays a
relatively minor role as a negative emission source compared to the 30% and 40% carbon price

scenarios.

In the 10% carbon price scenario (Fig. 8a), cropland allocation remains the highest at 4.14 Mkm?
compared to 4.12 Mkm? at 30% and 4.10 Mkm? at 40% carbon prices. Since land use change has a
limited role in offsetting residual emissions at a 10% carbon price, electrification, energy extraction,
and biomass consumption would need to increase to compensate. Consequently, a 10% constant
carbon price in the land use sector would lead to higher water consumption for negative emissions
and energy generation compared to consumption at 30% and 40% (Fig. 8b). Additionally, the
increased biomass consumption and cropland allocation in the 10% carbon price scenario would

result in higher demands for total nitrogen fertilizer (Fig. 8c).

Biomass, as a primary energy source, would need to increase significantly to compensate for
the lower negative emissions from land use change under a 10% constant carbon price (Fig. 8d).
As a result of its substantial biomass demand, the consumption of renewables and nuclear energy
tends to decrease slightly at a 10% carbon price compared with higher carbon prices in the land use
sector (Fig. 8e). Furthermore, a less stringent climate pathway in a lower carbon price in the land
use sector would lead to the highest residual GHG emissions (Fig. 8g), lower gross CDR allocation

(Fig. 8h), and lower marginal cost (Fig. 8i).
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Supplementary Fig. 3 Robustness check: influence of negative emissions budget (CDR budget) on key modeling results

related to regional sustainable development goals. The sensitivity analysis here is based on our 'Moderate' scenario,

since this scenario represents moderate challenges and regional impacts between decarbonization and carbon removal.

Water demand represents water consumption for negative emissions and energy generation. While the negative

emissions budget does yield somewhat different results across scenarios, the differences between these scenarios are

relatively negligible. Thus, the line charts representing these scenarios tend to overlap due to their similarity in

outcomes.
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Fig. 8 Robustness check: influence of land use sector involvement in climate mitigation on key modeling results related
to regional sustainable development goals. The sensitivity analysis here is based on our MODERATE scenario, since
this scenario represents moderate challenges and regional impacts between decarbonization and carbon removal. Water

demand represents water consumption for negative emissions and energy generation. 'LUC’ means 'land use change'.

(2) One major finding is that high CDR reliance involves mitigation deterrence. This is a well-

known finding in the literature and should be put into perspective (cf. Lenzi 2018). Mitigation



deterrence is a logical implication of IAMs that optimize for whole century costs. To address this
shortcoming, Rogelj et al. (2021) propose a scenario design to detach CDR deployment from
emissions reductions. Applying this logic could make results more policy-relevant by providing
policymakers with different options for specifying Net-Zero targets. As this is not the focus of the
study, one might simply discuss the conclusions. The results are still relevant, as they quantify

deterrence under a set of assumptions.

The Reviewer has raised another crucial issue regarding the need to address the mitigation
deterrence associated with high reliance on CDR. Several studies, including those by Hoglund et
al. *, McLaren et al. %, and Rogelj et al. 3 have discussed a potential strategy where separate
emission reduction targets are set apart from CDR deployment, as clearly stated by the Reviewer.
Incorporating this argument into our manuscript further highlights the distinction between high
CDR pathways and moderate/low CDR pathways. In the high CDR pathway, there is no clear
differentiation between emission reduction and CDR deployment. Following a least-cost approach,
CDR deployment tends to grow endogenously without any predefined limit in order to achieve the
climate target. However, in the low/moderate CDR pathways, our modeling approach involves

setting distinct CDR targets based on available CDR options and maximum removal capacity.

Below, we have included relevant excerpts from the manuscript that elaborate on these

points.

(1) In the scenario where the reliance on CDR is modeled as HIGH, the complete suite of six
CDR approaches is deployed from the beginning of policy implementation to the end of
2050. These CDR approaches include AR, Biochar, BECCS, DACCS, DORCS, and ERW,
and they are deployed without constraining how much CO, they can remove from the
atmosphere per year. With no limit on negative emissions, gross CDR deployment in Asia

endogenously increases to about 12 GtCO»/yr by 2050 in this scenario.



2)

The obstruction of mitigation efforts when relying heavily on CDR is by design integrated

into climate modeling *. CDR unavoidably displaces some of the immediate mitigation

actions. Since scenarios in IAMs like GCAM are designed to minimize mitigation costs

over the century, the inclusion of CDR alters the distribution of these costs throughout that

timeframe. The introduction of CDR into IAMs results in higher emissions in the near term

compared to scenarios without CDR *®, This increase implies that immediate climate action

becomes less stringent and, consequently, less costly. This is not because CDR makes near-

term mitigation more expensive, but rather because the availability of CDR reduces the

overall cost of mitigation over the entire century *".

Rogelj et al. proposed a framework that provides a logic to separate emission reduction

from CDR deployment 3, This framework enables studies to explore future CDR

deployment as an independent variation under a desired temperature outcome. In that case,

in an environment where emission reduction policies are independent of negative emissions,

one cannot replace the other. Negative emissions would be available only for the specified

amount required without delaying emission reduction 2. Based on these principles, we have

developed two additional scenarios, namely, MODERATE and LOW., each with distinct

CDR targets in terms of available CDR options and removal capacity. The descriptions of

these two scenarios are provided below.

In the scenario where the reliance on CDR is modeled as MODERATE, only AR and
BECCS are deployed. AR is endogenously deployed, and the rationale for choosing BECCS
as the sole novel CDR over other alternatives is because BECCS is the most represented
novel CDR in TAM-based studies and has relatively low cost and high maturity. BECCS
can also provide low-carbon energy in the electricity, refinery, and hydrogen sectors as it
captures CO;. In this scenario, CDR has been deployed with a specified upper limit on how
much CO; they can remove per year. The deployment of BECCS and the upper limit on
gross negative emissions begin in 2025 and continues until the end of 2050. Here, global
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BECCS deployment is exogenously limited to 2 GtCO»/yr from 2025 to 2050. 2 GtCO./yr
removal here is to represent the current gross CDR available globally °. Asia’s share in this
BECCS amount is endogenously deployed, reaching an annual average of 1.8 GtCO»/yr
from 2025 to 2050. In this scenario, total gross CO, removal in Asia reaches 2.3 GtCO,/yr
by 2050.

(3) In the LOW scenario, only AR is deployed for negative emissions. Here, we limit CDR by
novel means to 0 GtCO; throughout the modeling period. AR is endogenously deployed,

where total gross CO; removal reaches 0.5 GtCO,/yr by 2050.

We also emphasize the point further in under “policy implications”.

In this study, we highlight the risks of an overreliance on CDR leading to delayed
decarbonization efforts in the near term. It is imperative for governments and other key stakeholders
to prioritize policies that emphasize non-CDR mitigation strategies, while viewing carbon removal
as a complementary tool. Policies should be structured in a manner that prevents decarbonization
and carbon removal from substituting one another. This can be achieved through policy designs

23 Moreover, while

that separate CDR deployment from emission reduction objectives
decarbonization efforts should take precedence in achieving the 1.5°C target, CDR plays a crucial
role in ensuring the success of end-of-century targets. The cost associated with CDR poses a
significant limitation, and policies should be implemented to facilitate the rapid scaling of novel
CDR technologies. Furthermore, it is essential for policies that establish carbon removal targets to
be grounded in realism. These technologies are still in their infancy, with numerous uncertainties
surrounding their effectiveness and scalability. Placing excessive reliance on the potential success
of large-scale carbon removal carries significant risks and could prove detrimental to the climate

system if these technologies fail to meet expectations '°. We discuss these policies in detail as

follows.
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CDR moral hazard or mitigation deterrence has been widely discusse , and one of the key

ways to pursue CDR without shifting attention from near-term deep decarbonization is to set

separate CDR and emission reduction targets. Separate CDR and emission reduction targets could

be a valuable strategy to prevent potential delays in decarbonization, as it would discourage relying

on unproven future CDR deployment 2. Setting distinct CDR targets allows explicit focus on

ramping up deployment and investment in negative emissions technologies and nature-based

solutions, which facilitates scaling up CDR to levels required to achieve net-zero/net-negative

emissions . In an environment where emission reduction policies are independent of negative

emissions, one cannot be replaced with the other. Negative emissions would be available only for

the specified amount required without delaying emission reduction »**. For example, the EU has

proposed reducing net greenhouse gas emissions by 90% by 2040 compared to 1990 levels. This

means the EU's fossil fuel and industrial sectors must emit less than 850 MtCO,e/yr by 2040, while

land-based and industrial carbon removal should reach 400 MtCO-/yr 1®. With separate targets, the

role of CDR shifts from primarily offsetting residual emissions to more of a complementary

mitigation measure Y. In other words, CDR deployment is not contingent on high fossil fuel use

and emissions. Distinct targets enable greater transparency in tracking progress on emission

reductions versus negative emissions 2. This allows for course correction if efforts lag in either

domain.

Our findings highlight the importance of making room for the development and deployment of
novel forms of negative emissions. Relying solely on conventional CDR in the form of afforestation
and reforestation, could result in higher residual emissions, particularly from the industrial sector.
Additionally, afforestation and reforestation projects are susceptible to pests, natural hazards, and

1819 which limits their effectiveness as long-term CDR solutions. In

extreme weather events
conjunction with afforestation and reforestation, the adoption of novel CDR technologies like

BECCS and DACCS could help offset these residual emissions. However, it is essential to note that
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these novel CDR approaches are associated with high costs, which may hinder their development
and deployment trajectory. Governments can play a pivotal role in incentivizing novel CDR
deployment, as exemplified by the Inflation Reduction Act (IRA) of 2022. This legislation

expanded the 45Q tax credit for direct air carbon capture by 360% (from $50 to $180/ton) .

While CDR technologies are required for achieving the 1.5°C target, it is crucial to establish
realistic targets for carbon removal. Conservative estimates suggest that novel CDR technologies
must reach approximately 4.2 (with a range of 3.7-6.2) gigatonnes of CO; per year by 2050 to
remain on track for the 1.5°C target #. However, current deployment of these novel CDR
technologies stands at only 0.002 gigatonnes of CO; per year °. This means that these technologies
would need to increase by about 1800-fold between now and around 2050. To put this into
perspective, the share of renewables in total energy supply from now to 2050 to achieve net zero
emissions would need to increase by 5-fold, while final energy demand from hydrogen would need
to increase by 3-fold between 2030 and 2050 2. Relying on uncertain double-digit (>10 gigatonne)
scale CDR between mid-century and the end of the century may lead to high temperature overshoot,
with potential irreversible climate impacts *° if the expected >10 gigatonne CDR fails to materialize.
Therefore, it is crucial for policymakers to approach carbon removal targets with caution and ensure
that they are based on realistic assessments of technological capabilities and their sustainability
issues. Given our relatively greater experience with decarbonization measures, policies should
primarily focus on initiatives such as renewables, electrification, energy efficiency, and carbon-
neutral fuels to account for 80-90% of the necessary reduction in net emissions. CDR will then play
a crucial role in offsetting the remaining 10-20% of residual emissions, particularly from hard-to-

abate sectors.

Revisions to the main text in response to the Reviewer’s suggestions can be found in discussions

under “policy implications” and “scenario formulation”
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(3) The paper would profit from reporting the discount rate and making transparent, in how far
key findings are dependent on the chosen SDR. In the context of modeling CDR, cost-minimization
and high discount rates are known to have a large impact on key results, such as mitigation costs,
net-zero timing and overall deployment of negative emissions (cf. Emmerling et al. 2019; Grant et
al. 2021; Riahi et al. 2021). The discount rate is not discussed in the current manuscript, though
the authors refer to Fuhrmann et al. 2021 for discussions. Transparency of the results could be
improved by including a short discussion. Varying the discount rate could alter central results such
as the high demand for cropland and the significantly higher costs in Moderate and Low. However,
this issue is not particular for this study but reflects a lack of transparency of integrated modeling

overall.

The Reviewer accurately highlights the critical importance of the discount rate in
mitigation scenarios generated by IAMs. The relevance of the discount rate has indeed
been extensively discussed in previous studies >%°. We acknowledge that our manuscript
could benefit from addressing this aspect, but it's essential to note that, based on our
specific scenario settings — which involve imposing constraints on net emissions — our

mitigation pathways are not influenced by the discount rate.

However, we agree that the choice of discount rate can have large influence in other aspects
of the research, and as such we now added a discussion of the relevance of the discount
rate and mention the default rate used in the GCAM model for the sake of transparency.
It's important to emphasize that had our scenarios been structured differently to allow
endogenous delays in mitigation, certain aspects related to the impact of the discount rate
could have been explored. For instance, if our scenarios had specified a fixed end-of-
century climate target, similar to the approach taken in the work of Fuhrman et al. %, we

could have investigated how the discount rate affects the outcomes. Conversely, if our
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climate target had been formulated using a carbon pricing approach, we could have
exogenously specified the discount rate. This is by design. We’re not trying to assess the
intertemporally “optimal” decision maker. We’re simulating an imperfect decision making..
Below, we have included excerpts from the manuscript that shed light on these

considerations.

The discount rate is an important factor to consider in climate mitigation scenarios, particularly
those generated by IAMs. In climate change and [AMs, the discount rate refers to the rate at which
future costs and benefits are discounted or given less weight compared to present costs and benefits
%8 Most IAMs commonly employ a discount rate of 3% to 5%. However, there are alternative rates
within this range and beyond. Previous studies, such as those conducted by Riahi et al.?*, Fuhrman

et al. ®

and Emmerling et al. %, demonstrated that lower discount rates tend to favor earlier
mitigation actions, reducing the reliance on CDR technologies and temperature overshoot.
Essentially, a lower discount rate emphasizes taking immediate steps to mitigate climate change,
resulting in higher initial transition costs. Nevertheless, this approach yields long-term economic

benefits and earlier advantages in avoiding climate change impacts. Conversely, higher discount

rates tend to postpone mitigation efforts, leading to delayed transition pathways.

In GCAM, the standard discount rate used is either 3% or 5% (as used in this study). The
discount rate represents the exogenous escalation in the price of CO, or GHG over time, either
within a scenario with an end-of-century target or one with an exogenous carbon pricing trajectory
%! Investigating the role of discount rate in our mitigation pathways is beyond the scope of this
study. Our objective is not to evaluate the intertemporally "optimal" decision-maker, but rather to
simulate imperfect decision-making. In our case, where constraints are set on GHG emissions (as
opposed to scenarios with fixed end-of-century climate target 2?%2%), the model simply needs to

align with the pre-determined emissions constraint for each period regardless of the chosen discount
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rate. That is, we do not allow the flexibility of optimally delaying mitigation based on high discount

rate.

Revisions to the main text in response to the Reviewer’s suggestions can be found in discussion

under “sensitivity analysis”.

(4) Readability of Fig. 7 might be improved by using absolute numbers for a-c given the low

starting values.

We thank the Reviewer for their concerns. However, to maintain consistency among the
sub-figures in Fig. 7 (now Fig. 6 in the revised manuscript), we prefer to retain the
percentage shares instead of using absolute values. Nevertheless, we have made significant

improvements to all the figures to enhance clarity and presentation.

We are truly grateful to the Reviewer for the time taken to review and carefully comment
on our manuscript. Suggestions and recommendations have significantly improved the

paper. We hope that our responses meet the Reviewer's expectations.

Reviewer 2

Carbon dioxide removal (CDR) is essential to achieve the net-zero emissions, and the deployment
level of CDR technology is greatly depend on the time of net-zero emissions, all greenhouse gas
emissions mitigation technologies, social and economic development, related resource constraints
and etc. This paper focuses on the impacts of different CDR deployment level using GCAM model,
and provides more perspective to consider CDR development. Although the topic is interesting, |
think there are some issues with this paper, the authors are requested to go through the following

comments.

16



The authors thank the Reviewer for their careful attention to our paper and the constructive
feedback. We greatly appreciate you highlighting areas where we can strengthen our study design
and writing. We have addressed each of your concerns in detail, and we hope that the revisions we
have made meet your expectations. Please let us know if you have any other suggestions based on

the revised version.

(1) My biggest concern is that the conclusion of this article is very obvious. By 2050, net- zero
greenhouse gas emissions will be achieved. Under HIGH scenarios, greenhouse gas emissions will
inevitably be higher, and fossil energy utilization will also be more. This is closely related to the
scenario setting, thus the results in Table 2 are very obvious. The relationship between CDR and
fossil energy consumption is consistent with other literature, and there are no new findings.

Furthermore, the subsequent research results on land and water are also evident.

Overall, the analysis of this paper is not at a high level, only emphasizing the adverse impacts of

CDR technology.

The authors acknowledge the Reviewer’s concerns and we hope the clarifications made
here and the revised manuscript would shed more light on the importance, timeliness and

contribution of our study in moving the field forward.

(1) We would like to provide the key contributions we have made, followed by an

explanation as to why our conclusions are not obvious.

First, with the existing studies on mitigation deterrence associated with CDR being qualitative

4,30-34

and theoretical in nature , we quantify the negative impacts on regional energy-land-water-

food system associated with the expectation of tens of gigatonnes CDR deployment by mid-century.
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Second, with Asia poised to become the region with the highest future carbon removal capacity
% there has been no comprehensive study quantifying how individual Asian countries and regions

would respond to the risks associated with mitigation deterrence linked to CDR deployment.

Also, an open question arises: Does a lower CDR scenario always yield the best outcome
compared to a higher CDR scenario? What happens when a lower CDR scenario lacks room for
implementing novel CDR approaches, while a relatively higher CDR scenario incorporates novel
CDR approaches? In this paper, we address this question by refraining from deploying any novel
CDR in the lowest CDR scenario. The results indicate that while a low CDR scenario is preferable
to excessive CDR, it is not necessarily superior to a moderate CDR scenario. In other words, while
an excessive amount of CDR is unnecessary, it does not imply that novel CDR approaches should
be disregarded. A balanced approach to CDR is deemed optimal. This conclusion represents a key

aspect of our study's contribution.

Furthermore, with increasing pressure to electrify and decarbonize our energy sector, many
countries have installed large-scale electricity generation systems, with a majority relying on coal,
natural gas, or oil. However, to meet climate targets, it is imperative to phase out these fossil-based
electricity generation systems pre-maturely. This poses a significant challenge, as many of these
systems have lifetimes ranging from 45 to 60 years. Consequently, countries that recently invested
in these technologies face substantial financial losses as these assets become stranded. Existing
studies on the issue of technology stranding have primarily focused on the role of decarbonization
or emission reduction ***°. In this paper, we also examine how different levels of CDR can either
alleviate or exacerbate the problem of stranded assets, particularly in regions such as Asia where

there is significant carbon lock-in.

Additionally, we also show the role of land use sector's involvement in climate mitigation under
different CDR deployment scenarios and how each level of involvement affects key sustainability
indicators in Asia's pathway to net-zero emissions. Finally, with biochar gaining traction as a
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potential CDR method with a mitigation potential exceeding 5 GtCO,/yr %, we also examine how

biochar application and sequestration rates may affect regional sustainability.

(2) Also, the issue of mitigation deterrence (higher emissions and fossil fuel use) under
CDR reliance is highly contested in the literature and not necessarily straightforward. The

following arguments are quoted directly from the cited references.

e “While some have cautioned that a focus on CDR in policy processes may lead to delayed
efforts to mitigate emissions, others have argued that such concerns are unwarranted.
Nevertheless, the circumstances under which CDR could help or delay emissions
mitigation in given contexts remain unclear” https://doi.org/10.1016/j.envsci.2023.103659

e “There is considerable disagreement on how serious a risk moral hazard or mitigation
deterrence (henceforth “MH/MD”) actually is. Some maintain that CDR is already
distracting from emission reductions, or point to how it might do so. Others find no
evidence of moral hazard, suggest that the real-world risk might be overstated, or argue
that suggestions of a potential trade-off between CDR and emission reductions are
ultimately counterproductive” https://doi.org/10.1002/wcc.826

Most of the existing studies on this topic have been primarily theoretical, philosophical,
and qualitative in nature “3-3¢_ Also, to the best of our knowledge, no other study quantifies the
negative impacts of excessive CDR reliance on energy-land-water system as opposed to pursuing
deep decarbonization. Our contribution to the discussion thus lies in quantifying these impacts and
providing a quantitative evidence to emphasize the importance of prioritizing deep decarbonization

as the primary strategy, with CDR as a complementary measure.

It's essential to clarify that the mere HIGHER deployment of CDR DOES NOT lead to
higher residual GHG emissions — excessive reliance rather DOES lead to higher residual GHG
emissions. Our results, as presented in Supplementary Table S2 (Previously Table 3) confirms this.
We demonstrate that having a gross CDR level of 2.3 GtCO, by 2050 (Moderate CDR pathway)
can result in lower total residual GHG emissions compared to a scenario with gross CDR at 0.5

GtCO; (Low CDR pathway). This is because, without a sufficient amount of negative emissions,
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residual emissions from hard-to-abate sectors, particularly the industrial sector, cannot be
effectively offset, leading to higher residual GHG emissions. In essence, while an excessive
reliance on CDR is not desirable, our findings highlight the necessity of incorporating some level
of CDR to complement decarbonization measures in order to achieve a significant reduction in

GHG emissions.

Below, we have included excerpts from the manuscript that elaborate on this particular

point.

As shown in Fig. 3a, total positive emissions in 2050 are lower in the MODERATE (11
GtCOse/yr) and LOW (13 GtCO,e/yr) scenarios than in the HIGH scenario (16 GtCOse/yr). Notably,
in the absence of any novel means of CDR to offset residual emissions from the industrial sector,
its decarbonization becomes increasingly difficult, leading to higher residual CO» emissions from

the sector, as shown in Supplementary Table 2.

The comparison between the HIGH and LOW scenarios highlights that while prioritizing
decarbonization is paramount, a 1.5°C climate pathway without adequate negative emissions to
offset residual emissions, especially in the hard-to-abate industrial sector, as represented by the
LOW scenario, could lead to higher residual GHG emissions than in the MODERATE scenario.
We also find that while the LOW scenario realizes greater energy efficiency improvements
compared to the HIGH scenario, the lack of adequate negative emissions under the former leads to
minimal differences in energy efficiency gains between the LOW and MODERATE scenarios.
These contrasting outcomes between the HIGH vs LOW scenarios and MODERATE vs LOW
scenarios reinforce that the world must prioritize decarbonization but some negative emissions,
especially from novel CDR, will likely be required to play a complementary role to decarbonization
to provide a balanced and net positive impact. Our result indicates that pursuing CDR in the context
of a deep decarbonized energy system, as represented by the MODERATE scenario, could reduce
some of the most adverse impacts of negative emissions compared to pursuing CDR under a less
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decarbonized energy system (HIGH) or pursuing deep decarbonization without allowing room for

adequate CDR (LOW).

Revisions to the main text relating to the above discussions can be found in discussion under

“Impact on positive and negative emissions, net zero timing, pollutants”.

(2) The application of any technology will have some impacts. | believe that for achieving the
specific temperature control goal of 1.5 T, which can avoid climate loss, CDR is one of the optimall

technology combinations under many constraints such as technological availability and economy
factors. Therefore, this article should explain and discuss what the constraints of CDR technology
are considered in the model. For example, in the high scenario of 12GtCO2, whether this setting

takes into account resource potential and other related constraints, and whether it can be achieved..

The Reviewer's observation regarding the constraints on resources under CDR deployment
is indeed accurate. Our primary objective in this study was to quantify the repercussions associated
with varying levels of CDR reliance on regional energy-land-water system. Consequently, we did
not explicitly impose constraints on resources. However, it's important to highlight that placing
limits on CDR deployment indirectly restricts their potential negative impacts on natural resources
(which is our ultimate goal of this study). For instance, limiting BECCS reduces competition for
land and leads to the expansion of cropland (as demonstrated in Supplementary Table S4, Figure
5, and Figure 6). Similarly, limiting or avoiding DACCS reduces energy consumption associated
with CDR (as shown in Supplementary Figure 1). Increasing the involvement of the land use sector
in climate mitigation efforts results in the expansion of cropland (as depicted in Fig. 8a), among

other outcomes.

Directly imposing constraints on resources would have been inconsistent with our study

design, as we aimed to investigate how varying levels of CDR reliance might positively or
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negatively affect these resources. Nevertheless, it's worth noting that GCAM provides default

constraints on resources that users can modify for their investigations. For instance, users can set
aside a portion of natural land, preventing it from being converted to crops or other land types. The
default setting in our pathways was a 90% protection of all non-commercial ecosystems. Water
constraints can also be imposed, which can exacerbate regional water scarcity. Additionally,

constraints on fertilizer demand can be introduced **. However, these assessments were beyond the

scope of our study, as they would have deviated from our primary focus on CDR and its impacts

on Earth's system.

Nonetheless, the results presented in Supplementary Table 5 concerning biomass

consumption, cropland allocation, and forest cover suggest that the resource-related impacts we

observed were within the range of those seen in existing scenarios in the literature.

(3) The introduction of the model is very unclear, and it is unclear how the author improved the
GCAM model to obtain the research results in the paper. There is a lack of explanation for the

relevant models of land, water, and fertilizer.

We updated the model to achieve our research objectives in the following regard.

Several IAMs primarily focus on afforestation/reforestation (AR) and bioenergy with carbon
capture and storage (BECCS) for modeling negative emissions. Only a few IAMs can model direct
air carbon capture and storage (DACCS). AR, BECCS, and DACCS are the only three CDR
approaches in the public release version of the Global Change Assessment Model (GCAM). To
achieve our objectives, we modified the core version of GCAMS5.4 to create our version called
"GCAM-TJU." This modified version includes three additional novel CDR methods: biochar,
enhanced rock weathering (ERW), and direct ocean carbon removal and storage (DORCS).

Detailed descriptions and assumptions for all six CDR approaches are provided in the

22



Supplementary Discussion. (Section S5 and S6; Tables S7, S8, S9, S13, S14, S15, S16, S17, S18,

S19, S20, S21, S22, S23, S24, S25 Fig. S28, Fig. S29) .

Previously, we had simply referenced the online documentation of GCAM. However, we
agree that the key sectors relevant to this research should be described in detail in the paper. In the
revised manuscript, we have included a more detailed description of the model in the
Supplementary Material; (Section S6) and its land (Subsection S6.2.3), water (Subsection S6.2.4),

fertilizer (Subsection S6.2.5) modules.

We acknowledge the Reviewer’s concerns and we would like to clarify how the high CDR
pathway is the least-cost pathway of the three. Yes, CDR technologies are expensive but the most
expensive ones such as DORCS are not really being used at scale, rather the cheaper ones are the
ones dominating the market. Furthermore, CDR such as DACCS can act as a backstop technology
for climate change, meaning that it can provide a last-resort option to reduce CO emissions when
other mitigation options in hard-to-abate sectors are too expensive or impractical "?. Without CDR,
the marginal abatement cost curve increases exponentially, as we approach 100% mitigation 8. CDR
availability has a larger impact on marginal cost savings, measured in terms of the CO; allowance
price, than on total costs, and the flattening of the abatement cost curve with CDR leads to a linear
increase of total costs in abatement effort (rather than a nonlinear increase without CDR) 8. This is
because hard-to-abate sectors like aviation and agriculture can use CDR technologies to offset some

emissions and avoid the need for more expensive abatement options.

Without CDR in Asia’s climate mitigation strategy, capital-intensive net zero GHG emitting

technologies with increasingly low utilization rates compared to their fossil fuel counterparts,
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would have to increase to reduce emissions. This ultimately increases marginal cost - making the

HIGH CDR pathway the least expensive pathway.

-Lenzi et al.* also provide the following explanation: “NETs inevitably displace some near-term
mitigation. Since scenarios aim to minimize mitigation costs over the century, the inclusion of NETs
(an assumption labelled ‘full technological availability’ among modellers) alters the distribution
of mitigation costs over the century. Introducing NETs into IAMs increases near-term emissions
compared with a non-NETSs scenario. This increase means that near-term climate action is less
stringent and hence less costly. This is not because NETs make near-term mitigation more
expensive, but because the availability of NETs lowers the aggregated cost of mitigation over the

course of the century”.
-Low carbon price under CDR-based pathways is widely reported in several studies *2.

For clarity, we provided an explanation for the high CO; price in the LOW CDR pathways in the
revised manuscript in discussion under “Impact on primary and final energy demand, and

abatement costs” as follows:

Under limited availability of carbon removal, the marginal abatement cost of carbon
(Supplementary Fig. 1b and Supplementary Table 1) is considerably higher in the MODERATE
and LOW scenarios than in the HIGH scenario. CDR technologies, while expensive, have the
potential to delay the urgent need for emission reduction *%. In particular, DACCS can serve as a
backstop technology for climate change mitigation, providing a last-resort option to reduce CO,
emissions when other mitigation options in hard-to-abate sectors become prohibitively expensive
or impractical /. Without CDR, the marginal abatement cost curve tends to increase exponentially
as we approach 100% mitigation 8, indicating that costs escalate rapidly as emissions reduction
targets become more stringent. This arises from greater reliance on expensive technologies to

eliminate the remaining emissions. Without CDR in Asia's climate strategy, capital-intensive net
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zero GHG emitting technologies with increasingly low utilization rates compared to their fossil fuel
counterparts would need to expand substantially to enable significant emission cuts °. This
ultimately increases the marginal costs, making the HIGH scenario the least expensive pathway

explored here. Low carbon price under CDR-based pathways is widely reported in several studies

5-8

(5) The scenario settings in the model lack explanation, such as reaching 12GtCO2 by 2050 under
HIGH scenario; In the MODERATE scenario, the annual average is 1.8 GtCO2, while in the LOW

scenario it is 0.5 GtCO2 by 2050. The author needs further explanation on why this is set.

The reviewer rightfully points out that the previous version of the manuscript lacked clarity
regarding the methodology used to derive these values. In the revised manuscript, we have

addressed this issue with the following clarification:

(1) In the scenario where the reliance on CDR is modeled as HIGH, the complete suite of six
CDR approaches is deployed from the beginning of policy implementation to the end of
2050. These CDR approaches include AR, Biochar, BECCS, DACCS, DORCS, and ERW,

and they are deployed without constraining how much CO, they can remove from the

atmosphere per year. With no limit on negative emissions, gross CDR deployment in Asia

ENDOGENOUSLY increases to 12 GtCO, by 2050 in this scenario.

(2) In the scenario where the reliance on CDR is modeled as MODERATE, only AR and
BECCS are deployed. AR is endogenously deployed, and the rationale for choosing BECCS
as the sole novel CDR over other alternatives is because BECCS is the most represented
novel CDR in IAM-based studies and has relatively low cost and high maturity. BECCS
can also provide low-carbon energy in the electricity, refinery, and hydrogen sectors as it

captures CO,. In this scenario, CDR has been deployed with a specified upper limit on how
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much CO; they can remove per year. The deployment of BECCS and the upper limit on

oross negative emissions begin in 2025 and continues until the end of 2050. Here, global

BECCS deployment is EXOGENOUSLY limited to 2 GtCO»/yr from 2025 to 2050. 2

GtCO,/yr removal here is to represent the current gross CDR available globally °. Asia’s

share in this BECCS amount is ENDOGENOQUSLY deployed, reaching an annual average

of 1.8 GtCO, from 2025 to 2050. In this scenario, total gross CO,; removal in Asia reaches

2.3 GtCO, by 2050.

(3) In the LOW CDR scenario, only AR is deployed for negative emissions. Here, we limit

CDR by novel means to 0 GtCO, throughout the modeling period. AR is

ENDOGENOUSLY deployed, where total gross CO, removal reaches 0.5 GtCO, by 2050.

Revisions to the main text in response to the Reviewer’s suggestions can be found in discussion

under “scenario formulation”.

(6) The figures in the paper are not clear.

We have made significant improvements to all the figures to enhance clarity and

presentation.

(7) The paper lacks some references, such as line64-72.

We value the Reviewer's feedback. In the revised version, we have provided references in
the lines suggested by the Reviewer and also double-checked that all sources of information in our

manuscript are properly cited.

(8) There are multiple statements in the paper regarding over reliance on CDR. How is the
definition of over reliance defined here, whether it is the proportion of emissions reduction

exceeding or how it is defined.
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We appreciate the Reviewer's feedback. In the context of our study, the term "CDR over-
reliance” does not indicate a fixed proportion of emission reductions or represent a specific
threshold value beyond which CDR reliance becomes excessive. Instead, in our study, "over-
reliance on CDR" refers to any level of dependence on large-scale CDR towards tens of gigatonne
removal by mid-century. At this level of reliance, the deployment of CDR could have adverse
effects on global sustainability. This excessive reliance on CDR might result in the continuation of
fossil fuel emissions, mitigation of immediate climate actions, and potential negative impacts on

the climate-energy-land-food-water system.

In the context of our study specifically, we define CDR reliance as "over-reliance” when
the deployment of these strategies reaches at least 10 GtCO./yr, particularly in the first half of this

century.

(9) Policy implications are not in-depth enough. For example, non-CDR strategies as renewable ...

are too general, authors should clarify specific measures.

We appreciate the Reviewer's feedback and suggestions. Incorporating specific measures
to address the issues raised in our paper will certainly enhance the contribution of our work to the
existing literature. In the discussions under “policy implications”, we have emphasized the policy

implications and outlined specific measures from three distinct angles:

1. Separate CDR and emission reduction targets.

2. Policies to cut CDR cost

3. Realistic CDR targets.

In this study, we highlight the risks of an overreliance on CDR leading to delayed
decarbonization efforts in the near term. It is imperative for governments and other key stakeholders

to prioritize policies that emphasize non-CDR mitigation strategies, while viewing carbon removal
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as a complementary tool. Policies should be structured in a manner that prevents decarbonization
and carbon removal from substituting one another. This can be achieved through policy designs
that separate CDR deployment from emission reduction objectives 3. Moreover, while
decarbonization efforts should take precedence in achieving the 1.5°C target, CDR plays a crucial
role in ensuring the success of end-of-century targets. The cost associated with CDR poses a
significant limitation, and policies should be implemented to facilitate the rapid scaling of novel
CDR technologies. Furthermore, it is essential for policies that establish carbon removal targets to
be grounded in realism. These technologies are still in their infancy, with numerous uncertainties
surrounding their effectiveness and scalability. Placing excessive reliance on the potential success
of large-scale carbon removal carries significant risks and could prove detrimental to the climate
system if these technologies fail to meet expectations °. We discuss these policies in detail as

follows.

CDR moral hazard or mitigation deterrence has been widely discussed %4, and one of the key
ways to pursue CDR without shifting attention from near-term deep decarbonization is to set
separate CDR and emission reduction targets. Separate CDR and emission reduction targets could
be a valuable strategy to prevent potential delays in decarbonization, as it would discourage relying
on unproven future CDR deployment . Setting distinct CDR targets allows explicit focus on
ramping up deployment and investment in negative emissions technologies and nature-based
solutions, which facilitates scaling up CDR to levels required to achieve net-zero/net-negative
emissions . In an environment where emission reduction policies are independent of negative
emissions, one cannot be replaced with the other. Negative emissions would be available only for
the specified amount required without delaying emission reduction *2!°, For example, the EU has
proposed reducing net greenhouse gas emissions by 90% by 2040 compared to 1990 levels. This
means the EU's fossil fuel and industrial sectors must emit less than 850 MtCO.e/yr by 2040, while

land-based and industrial carbon removal should reach 400 MtCO,/yr *®. With separate targets, the
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role of CDR shifts from primarily offsetting residual emissions to more of a complementary
mitigation measure *’. In other words, CDR deployment is not contingent on high fossil fuel use
and emissions. Distinct targets enable greater transparency in tracking progress on emission
reductions versus negative emissions 2. This allows for course correction if efforts lag in either

domain.

Our findings highlight the importance of making room for the development and deployment of
novel forms of negative emissions. Relying solely on conventional CDR in the form of afforestation
and reforestation, could result in higher residual emissions, particularly from the industrial sector.
Additionally, afforestation and reforestation projects are susceptible to pests, natural hazards, and

extreme weather events 181°

, which limits their effectiveness as long-term CDR solutions. In
conjunction with afforestation and reforestation, the adoption of novel CDR technologies like
BECCS and DACCS could help offset these residual emissions. However, it is essential to note
that these novel CDR approaches are associated with high costs, which may hinder their
development and deployment trajectory. Governments can play a pivotal role in incentivizing novel

CDR deployment, as exemplified by the Inflation Reduction Act (IRA) of 2022. This legislation

expanded the 45Q tax credit for direct air carbon capture by 360% (from $50 to $180/ton) %°.

While CDR technologies are required for achieving the 1.5°C target, it is crucial to establish
realistic targets for carbon removal. Conservative estimates suggest that novel CDR technologies
must reach approximately 4.2 (with a range of 3.7-6.2) gigatonnes of CO; per year by 2050 to
remain on track for the 1.5°C target #. However, current deployment of these novel CDR
technologies stands at only 0.002 gigatonnes of CO, per year °. This means that these technologies
would need to increase by about 1800-fold between now and around 2050. To put this into
perspective, the share of renewables in total energy supply from now to 2050 to achieve net zero
emissions would need to increase by 5-fold, while final energy demand from hydrogen would need

to increase by 3-fold between 2030 and 2050 %. Relying on uncertain double-digit (>10 gigatonne)
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scale CDR between mid-century and the end of the century may lead to high temperature overshoot,
with potential irreversible climate impacts ¥ if the expected >10 gigatonne CDR fails to materialize.
Therefore, it is crucial for policymakers to approach carbon removal targets with caution and ensure
that they are based on realistic assessments of technological capabilities and their sustainability
issues. Given our relatively greater experience with decarbonization measures, policies should
primarily focus on initiatives such as renewables, electrification, energy efficiency, and carbon-
neutral fuels to account for 80-90% of the necessary reduction in net emissions. CDR will then play
a crucial role in offsetting the remaining 10-20% of residual emissions, particularly from hard-to-

abate sectors.

Revisions to the main text in response to the Reviewer’s suggestions can be found in discussion

under “policy implications”.

We are truly grateful to the Reviewer for the time taken to review and carefully comment
on our manuscript. Suggestions and recommendations have significantly improved the paper. We

hope that our responses meet the Reviewer's expectations.

Reviewer 3

This paper models future decarbonization scenarios that rely heavily on NETs/CDR. The work is
of contemporary interest and is scientifically novel, but this version of the manuscript has flaws

which need to be fixed prior to publication..

The authors thank the Reviewer for their careful attention to our paper and the constructive
feedback. We greatly appreciate you highlighting areas where we can strengthen our study design
and writing. We have addressed each of your concerns in detail, and we hope that the revisions we
have made meet your expectations. Please let us know if you have any other suggestions based on

the revised version.
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We appreciate the Reviewer's concern regarding the modeling assumptions in our study.
The assumptions used for modeling various CDR approaches are provided in the supplementary
material and discussed in detail. We have added details on specific assumptions used for NETs
covered in the work in SI (Section S5 and S6; Tables S7, S8, S9, S13, S14, S15, S16, S17, S18,

S19, S20, S21, S22, S23, S24, S25 Fig. S28, Fig. S29) .

While the assumptions for co-benefits and co-damages are not directly integrated into the
modeling of the CDR technologies in our study, certain key co-benefits and co-damages relevant
to model dynamics are indirectly derived in the results. For instance, some of the co-benefits
included in the analysis encompass soil health, air pollution, water scarcity, mitigation cost, and
energy output. As an example, in our high CDR pathway, we observe higher levels of air pollutants,
a lower mitigation cost, and fewer issues related to stranded assets in the power sector. These results
provide insights into the co-benefits and co-damages associated with different levels of CDR

deployment, even though they are not explicitly included in the CDR modeling assumptions.

We now discuss this in detail in discussions under “Impact on primary and final energy
demand, and abatement costs”, “Impact on positive and negative emissions, net zero timing,

pollutants”, and “Impact on land, water, and fertilizer consumption”.

We appreciate the Reviewer's suggestion to benchmark our study against prior research.
Comparing our results with those from previous studies can offer valuable insights into the

reliability and robustness of our findings. We acknowledge this suggestion, and we have added
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such a comparison in our manuscript (discussion under “results benchmarking”). Furthermore, we
have discussed the reasons for discrepancies in certain results between our study and existing
research to provide a more comprehensive understanding of our findings in the context of the

broader body of work in this field.

Supplementary Table 5 provides a comprehensive overview of how our results compare to
existing scenarios sourced from the IPCC AR6 database “®. The existing data corresponds to the
R5ASIA dataset. The RSASIA dataset encompasses approximately 550 scenarios derived from 58
distinct models and their respective versions. However, the data shown in Supplementary Table 5,
consisting of roughly 40 scenarios originating from 15 distinct models and their versions,
exclusively focuses on scenarios that explicitly outline pathways in alignment with the global 1.5°C

target, maintaining consistency with our own pathways.

The discrepancies in some indicators between our results and those from existing scenarios can

mainly be attributed to what Dekker et al. * referred to as 'energy model fingerprints.' These

fingerprints describe how models differ in structure, objectives, assumptions, parameterization, and

level of detail. These differences result in variations in the computed energy and climate policy

scenarios ***. Another reason could be how we categorize countries/regions under 'Asia' in our

pathways compared to existing scenarios. For instance, the R5SASIA scenario does not include

Japan in its scope (See Supplementary Table 6 for a complete list of Asian countries/regions under

GCAM-TJU and that of RSASIA). Additionally, the variation in mitigation pathways between our

scenarios and the existing ones can significantly affect key modeling results. To illustrate, our

pathway is one in which Asia collectively achieves net-zero GHG emissions by 2050. In contrast,

the existing scenarios mainly follow a net-zero CO», pathway that typically supports a global net-

zero by 2050, in line with the 1.5°C target. Consequently, the level of stringency in our pathways

is of a higher magnitude than in the existing scenarios.

Supplementary Table 5 Comparison of results here with existing mitigation pathways for Asia
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Indicator Existing Current study
literature
Previous High Moderate Low
scenarios CDR CDR CDR
2050 power capacity additions (GW/yr)
Coal 38-1420 1728 1688 1742
Solar 600-4088 3130 4913 5045
Nuclear 203-1306 1150 2136 2241
Biomass 11-966 475 252 128
2050 Sequestration (GtCO2/yr)
BECCS 0.1-7.1 4.6 1.9 0
Fossil CCS 0-7.5 7.1 2.0 24
DACCS 0-1.6 42 0 0
Afforestation 0.3-2.6 0.3 0.5 0.5
2050 Residual emissions (GtCO2/yr)
Energy and industry -4.91t0 10.5 11 7.0 8.4
2050 Energy (EJ/yr)
Final energy 72-213 328 226 226
Primary energy 109-373 450 312 313
2050 Primary energy (EJ)
Biomass 11-112 92 106 122
2050 Land (million ha)
Cropland 91-699 130 410 400
Forest 316-642 550 540 550
2050 Policy cost (US$2010/tCOz)
Carbon price 417-255134 296 2355 3093
2050 Water (km?)
Total water consumption 604 1399 1344 1336

(3) In general, the figures are of poor quality and need to be improved for easier reading.
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We have made significant improvements to all the figures to enhance clarity and

presentation.

The entire manuscript has undergone proofreading by the authors, and corrections have
been implemented as needed to ensure that the language and writing meet acceptable standards for

publication in Nature Communications.

We are truly grateful to the Reviewer for the time taken to review and carefully comment
on our manuscript. Suggestions and recommendations have significantly improved the paper. We

hope that our responses meet the Reviewer's expectations.
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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

Thank you for the detailed responses to my comments and for incorporating them into the revised
manuscript. My concerns are sufficiently adressed in the revised manuscript. The added section
explain mitigation deterence and its role in this study carefully. Moreover, the influence of the SDR
is put into perspective, both by your reply and the added text. The sensitivity analysis provides a
significant contribution to the robustness of the results in regards to central parameters.

Reviewer #2 (Remarks to the Author):

According to the reviewer's comments, the author has made corresponding modifications to the
paper. However, based on the current version, | do not think it is a high-level paper and | cannot
accept its publication. Mainly in the following aspects:

(1) Is the title "Deployment expectations of multi gigatonnes scale carbon dioxide removal could
adaptively impact the global climate system" appropriate? It seems that the paper did not answer
such a question. Firstly, the paper quantifies the impact of different scales of CDR technology on
the energy-land-water-food system to limit warming to achieve net zero greenhouse gas emissions
by 2050. Secondly, there are many indicators about the global climate system, including the
hydrosphere, atmosphere, etc. from a natural science perspective, but these related indicators are
not reflected in the paper. If the author refers to the impact on low-carbon transformation, but the
prerequisite for the paper is to achieve net zero greenhouse gas emissions by 2050, and the related
result analysis only extends to 2050, and there is no impact on the period after 2050. Therefore, the
relationship between the title and the research content is not very matching.

(2) The abstract is too general to show the innovation of the paper, and the research conclusions
are obvious, lacking new findings.

(3) The logic of the paper is not clear, especially the stranded asset analysis in the power sector in
the revised manuscript, which confuses me. In fact, if the author wants to analyze the impact of
negative carbon technology on sustainable development from the perspective of negative carbon
technology, it should establish a complete sustainable development framework, and discuss the
social, economic, environmental, climate, and other impacts of negative carbon technology within
this unified framework. However, the problem studied in the paper is not from the perspective of
sustainable development, so what is the significance of adding this part of research? In addition,
there is no method description for stranded asset in the Methods section. Stranded asset depends
on the detailed information of thermal power plants. It is unknown how the author obtained
parameters such as operating time of different power plants in different countries.

(3) Line82-83, “Here, we show that deploying tens of gigatonnes of negative emissions by the mid-
century could seriously impede climate goals and threatens sustainability across Asia” How can



this sentence be derived and how to imbed climate goals? Moreover, sustainable developmentis a
comprehensive concept. Can the analysis of only a few aspects in the paper support this
statement?

(4) Suggest the author to clarify the reasons for the increase in NH3 emissions in the low and
medium scenarios of Line 181-182, as well as the relatively high scenarios?

(5) The impact of emission reduction paths on emission reduction technologies is significant, and
the Methodology section of the paper only considers one path, namely "total GHG emissions in the
region peak before 2025 and decline linearly to reach net zero by 2050."

(6) Line 203-204 mentions "foreign CDR purchase", what kind of mechanism is this and how is it set
in the model?

(7) The paper mentions carbon price, what is the carbon price, and how is the carbon price
mechanism of the model set?

(8) From the perspective of paper structure, there is a suggestion to merge Robustness check and
Results benchmarking with discussion.

(9) There are still errors in the paper, such as line 488, below 1.5 should be 1.5 °C.

Reviewer #3 (Remarks to the Author):

The authors have addressed my comments adequately. | recommend acceptance.



Reviewer 1

Thank you for the detailed responses to my comments and for incorporating them into the revised
manuscript. My concerns are sufficiently adressed in the revised manuscript. The added section
explain mitigation deterence and its role in this study carefully. Moreover, the influence of the SDR
is put into perspective, both by your reply and the added text. The sensitivity analysis provides a

significant contribution to the robustness of the results in regards to central parameters.

The authors thank the Reviewer for their careful attention to our paper. We appreciate the
Reviewer's previous suggestions during the first round, which were very instrumental in
strengthening our paper's contribution to the existing literature. We are also glad that our revisions

were satisfactory to the Reviewer. Thank you.

Reviewer 2

According to the reviewer's comments, the author has made corresponding modifications to the
paper. However, based on the current version, | do not think it is a high-level paper and | cannot

accept its publication.

The authors thank the Reviewer for their careful attention to our paper and the constructive
feedback. We appreciate the review highlighting further areas where we can strengthen our study
design and writing. We have addressed each of the comments in detail, and we believe the revised

manuscript would meet the quality standards of Nature Communications.

(1) Is the title "Deployment expectations of multi gigatonnes scale carbon dioxide removal could
adaptively impact the global climate system" appropriate? It seems that the paper did not answer
such a question. Firstly, the paper quantifies the impact of different scales of CDR technology on
the energy-land-water-food system to limit warming to achieve net zero greenhouse gas emissions

by 2050. Secondly, there are many indicators about the global climate system, including the



hydrosphere, atmosphere, etc. from a natural science perspective, but these related indicators are
not reflected in the paper. If the author refers to the impact on low-carbon transformation, but the
prerequisite for the paper is to achieve net zero greenhouse gas emissions by 2050, and the related
result analysis only extends to 2050, and there is no impact on the period after 2050. Therefore,

the relationship between the title and the research content is not very matching.

The authors discussed the Reviewer's concerns, and we agree that using the general term
"climate system" overstated the scope of our research. Our work primarily focuses on impacts
related to energy transitions, emission removal, as well as land and water use. As such, we have

revised the paper title to ensure it aligns more closely with the content of our research:

“Deployment expectations of multi-gigatonnes scale carbon removal could have adverse impacts
on Asia’s energy-water-land nexus”

(2) The abstract is too general to show the innovation of the paper, and the research conclusions

are obvious, lacking new findings.

The authors acknowledge the reviewer's concerns, and we have revised the abstract to

highlight the main innovation in this study:

Current integrated assessment models often treat carbon dioxide removal (CDR) and emissions
reduction as equal mitigation options under an optimal carbon price approach. This oversimplified
approach exaggerates CDR's importance in the near term by continually deferring urgent emission
cuts under the assumption of future large-scale removals. Here, we for the first time, set explicit
targets for carbon removal separate from decarbonization, and model different stylized CDR
pathways for Asia. Our analysis quantifies the vastly different energy-land-water trade-offs faced
under scenarios ranging from limited to extensive CDR reliance. We find that under a high CDR
scenario, fossil fuel dependence persists, with residual CO; emissions reaching at least 8 GtCO,/yr

by 2050, compared to less than 1 GtCO/yr under moderate-to-low CDR reliance. Gross CO»



removal surges to 12 GtCO»/yr by 2050 in the high CDR case, compared to 0.5-2.3 GtCO; in the
moderate to low CDR scenarios. Moreover, this high CDR pathway delays the achievement of net
zero CO, emissions for several Asian countries, with some opting to purchase foreign offsets
against rapid domestic emission reduction. The high CDR scenario leads to cropland reduction of
65-80% in major agricultural areas in the region. Our findings demonstrate that pursuing CDR
under deep decarbonization has lower adverse impacts than under a less decarbonized system or
without adequate CDR. This quantitative assessment provides critical insights to policymakers on
balancing emission reductions and realistic negative emissions targets. Here, we show that while
CDR is necessary, it is worth exploring strategies that reduce the need for excessive reliance on

CDR while capitalizing on its advantages when it is most viable.

Our detailed response below also clarifies why our work provides new findings and key
contributions that are not obvious concerning the quantification of CDR impacts on the energy-

land-use system.

The scope of Nature Communications states that it is a multidisciplinary journal dedicated
to publishing high-quality research in all areas of science. Papers published by the journal aim to
represent important advances of significance to specialists within each field. We believe our
research makes important advances that would be of significant interest to the broader climate

change research community. Our key contributions are summarized below.

1. While previous studies on CDR deployment trade-offs have been primarily qualitative in nature,
our study provides an important advancement in quantifying the energy-land-water trade-offs

associated with varying levels of CDR reliance.

2. Based on their optimal carbon price pathways, CDR deployment in IAMs is often treated as an
equal mitigation option with decarbonization, and this approach undermines urgent emission cuts*-

%, There are urgent calls to separate CDR and emission reduction targets *°, and in this study, we



explicitly separate our CDR and decarbonization pathways in a manner different from existing
studies 3%13, This approach, which is an important advancement in the field, would allow CDR to

scale without undermining emission cuts.

3. Despite the need for separate emission reduction and removal targets, the net zero targets and
Long-Term Strategies (LTS) of many countries and regions, including the US, China, and the EU,
are yet to include such separation (as seen below for the US). Our LOW and MODERATE CDR
scenarios are based on a separate CDR and decarbonization target. The results we have obtained,
as compared to those in the PROMOTE scenario, show the importance of this separation and would

be vital in the future LTS submissions of countries.
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— Architecture -
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Net zero target announced Mo separate emission review net zero target ORIn
reduction and removal targets process of establishing a

review cycle for net zero

Source: Climate Action Tracker, 2024

4. Importantly, we have focused on the Asian region, where a significant share of future global
CDR (up to 50%) would be concentrated ®4. No previous study has comprehensively analyzed the
energy-land-water trade-offs that different countries/regions in Asia are exposed to under

4



varying/uncertain future carbon removal. Asia’s science-supported target and their achievement

would be of high interest. We provide a quantitative basis for that.

5. Existing studies continue to predominantly model land-based CDR approaches globally, and
countries with land limitations are at risk of such CDR approaches **. Many countries in Asia have
limited land areas and biomass potential, as such they would need different CDR approaches. As
shown in Figure 4 of the revised manuscript, we demonstrate how our six different CDR types
(land-based, chemical, and geochemical) are distributed across Asia, and which ones would be

more suitable for policymakers to pursue in their respective countries.

6. Stranded assets in the electric power sector are a major issue that carbon-locked-in countries,
especially many in Asia, may face under climate goals. Yet, while such studies exist on the

relationship between decarbonization and stranded assets ***'

, no previous study has investigated
the trade-offs in capital stock turnover in the electric power sector under varying future CDR. We
add to these studies the impact of CDR and stranded assets, and we have revealed the synergies

and trade-offs that exist.

(3) The logic of the paper is not clear, especially the stranded asset analysis in the power sector in
the revised manuscript, which confuses me. In fact, if the author wants to analyze the impact of
negative carbon technology on sustainable development from the perspective of negative carbon
technology, it should establish a complete sustainable development framework, and discuss the
social, economic, environmental, climate, and other impacts of negative carbon technology within
this unified framework. However, the problem studied in the paper is not from the perspective of
sustainable development, so what is the significance of adding this part of research? In addition,
there is no method description for stranded asset in the Methods section. Stranded asset depends
on the detailed information of thermal power plants. It is unknown how the author obtained

parameters such as operating time of different power plants in different countries.



The authors acknowledge the Reviewer's concerns. Yes, we don’t address all SDGs. We
only address the subset of energy, water and land, and now we clarify that in the title and the

abstract. Below is a general logical framework for our study to provide clarity.

CDR and impact on global energy-land-
water

l—l—l

Existingstudiesl ‘ Current study |

| Qualitative | ‘ Quantitative |

I

Innovation/Main contributions

Scope Emission pathway Stylized CDR pathway
Style 1: Existing study's No separate emission
/ CDR and emission ~ — reduction and | | HIGHCDR
. ) reduction modeling removal target
Towards net Two main modeling
Asia zero GHG by stylized pathways
2050 followed
\ Style 2: Currentstudy's Separate emission
CDR and emission I reduction and
reduction modeling removal target

Quantified implications

I

- Residual CO2 emissions of 8 GtCO,/yr by 2050 under high CDR vs. <1 GtCO,/yr under moderate-low CDR
-Gross CO2 removal of 12 GtCO./yr by 2050in high CDR vs. 0.5-2.3 GtCO, in moderate-low CDR

-Delayed net-zero CO, for some Asian countries under HIGH CDR, relying on foreign offsets

-65-80% cropland reduction in major agricultural areas under high CDR
-High CDR slows down clean energy transition

Also, stranded assets are an important aspect of energy transitions, so we include that, and
the reviewer is right that stranded asset descriptions are missing, and now we include them. Thanks
for pointing out this omission. Our rationale for the inclusion of stranded assets and methodology

description are summarized below:

Stranded assets in the electric power sector are a major issue that carbon-locked-in countries,

especially many in Asia, may face under climate goals. Yet, while such studies exist on the



relationship between decarbonization and stranded assets ***'

, no previous study has investigated
the trade-offs in stranded assets in the electric power sector under varying and uncertain CDR. We
add to these studies the impact of CDR and stranded assets, and we have revealed the synergies

and trade-offs that exist.
Approach for estimating stranded assets

To quantify the annual capacity additions, stranded assets, and associated capital investments in
the electricity sector, we employ the detailed methodology and data assumptions following the

I. 8 and Binsted et al. * (All data assumptions for the electricity sector in

works of lyer et a
estimating the stranded assets are available in the supplementary material). GCAM tracks power
plant capital stock, technology type, and vintage across the entire lifetime of each technology. The
retirement of power plants can occur through two distinct pathways: 1) Natural retirement upon
reaching the end of their designed physical lifetime, or 2) Profit-induced premature retirement when

the continued operation of plants becomes less profitable, resulting in stranded assets (as per

Equation 1).

Gry, @) =Gry,(t—1) X [1 — fTA,]V,r(t)] X [1 - f’II"J,V,r(t)] 1)

Where Gy (t) represents the electricity generation by technology T and vintage V in region r in
modelling period ¢. %, - (t) and f£y - (t) are the fraction of natural and profit-induced retirement

in modeling period t. The calculations for capacity and capital stock turnover in the electric power

sector were done using Plutus package in R 8.

An example of the natural retirement function is shown below.
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Also, below is an example of the profit-induced retirement function.
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(4) Line82-83, “Here, we show that deploying tens of gigatonnes of negative emissions by the mid-
century could seriously impede climate goals and threatens sustainability across Asia” How can
this sentence be derived and how to imbed climate goals? Moreover, sustainable development is a

comprehensive concept. Can the analysis of only a few aspects in the paper support this statement?

We agree with the reviewer that this paper does not cover all aspects of sustainable

development. As such, we have clarified throughout the paper that we are only addressing a subset



of sustainability related to clean energy, air pollution, land, and water use. In our revised manuscript,

we explicitly refer to these specific impacts where needed.

(5) Suggest the author to clarify the reasons for the increase in NH3 emissions in the low and

medium scenarios of Line 181-182, as well as the relatively high scenarios?

We appreciate the Reviewer’s suggestion, and we have clarified this part of our results in the

revised manuscript as follows.

During this period, while most pollutants decrease across scenarios, NH3 emissions show growth
under the MODERATE and LOW scenarios. This increase in NH3 emissions could be attributed to
the fact that while the phasing out of fossil fuels, driven by the emission reduction target, leads to
a reduction in other criteria air pollutants, factors contributing to NH3 emissions remain relatively
unaffected by the greenhouse gas constraint. These factors include persistent fertilizer use for crop
and bioenergy crop cultivation, ongoing meat and dairy production, as well as other urban processes

such as waste decomposition and emissions from cooking activities.

(6) The impact of emission reduction paths on emission reduction technologies is significant, and
the Methodology section of the paper only considers one path, namely "total GHG emissions in the

region peak before 2025 and decline linearly to reach net zero by 2050.

We acknowledge the Reviewer's concerns, and we explain below why we use a GHG
emission reduction pathway. The carbon budget, which represents the cumulative anthropogenic

CO, emissions *

° is a commonly used approach in studies because it addresses comprehensively
all sources of emissions through sectors, technologies, and fuels. This is in contrast to other
emission reduction paths used in some studies, where the modeled policy focuses on fuel switching
in selected sectors, energy-efficiency programs, renewable energy deployment, or biofuel standards.

Such targeted modeling policies only track and reduce emissions in the specific sectors where they

are implemented. For example, modeling biofuel standards as the sole emission reduction path



might address emissions in the transport sector, but not the electricity or building sectors. A policy
focused only on renewable energy deployment may reduce power sector emissions but could shift
energy demand and emissions to other sectors like transportation or industry if the broader energy
system implications are not considered. In contrast, a net zero GHG policy allows for deep emission
reduction across the entire economy. By using the net GHG emissions approach, our study can
more comprehensively capture the impacts on the energy-land-water nexus across the entire

economy, compared to approaches that focus on emission reductions through specific policies.

Furthermore, the window for achieving the Paris Agreement's aspirational goal of limiting
global temperature change to 1.5°C above pre-industrial levels is rapidly closing. At the current
rate of emissions, the 1.5°C carbon budget will be exhausted in the late 2020s *°. Considering that
the remaining carbon budget for 1.5°C could be completely exhausted before 2030 without
temporary overshoot, the GHG constraint (carbon budget), where total emissions peak and decline
linearly to a net zero point by mid-century is the most effective methodology to use to quickly

produce deep emission cuts consistent with limiting warming to 1.5°C.

(7) Line 203-204 mentions "foreign CDR purchase™, what kind of mechanism is this and how is it

set in the model?

We appreciate the Reviewer’s query and we have also clarified this mechanism in the main text
for the benefit of prospective readers. To clarify, foreign CDR purchase is not something we set in
the model, rather the model finds the most efficient allocation of emission reductions across
countires, given their technological specifications. When a country falls short of net-zero target, we

assume that the shortfalls need to be met by foreign CDR purchase.

In this context, "foreign CDR purchase"” refers to countries' plans to buy CDR credits from other
nations instead of achieving net-zero emissions domestically. Bhutan, Suriname, and Panama are

among the few countries already at net-negative emissions due to their high forest cover %. This

10



group of 'net-negative' countries has plans to sell forest carbon offset credits to other more polluting
nations under the Paris Agreement 22, For instance, in order to align with the Paris Agreement
goals, Korea's Long-Term Strategy (LTS) includes provisions that allow the country to purchase
carbon offsets from overseas %2. By purchasing these credits, the higher emitting countries can meet

their net-zero target without international financial transfer %,

(8) The paper mentions carbon price, what is the carbon price, and how is the carbon price

mechanism of the model set?

Thanks for raising this question. Carbon price is a jargon used by climate economists, and we

have revised the manuscript to be more specific and clear about what we estimate here.

The marginal abatement cost, also known as the GHG price, refers to the cost incurred in reducing
the last unit (e.g., one ton) of GHG emissions %, It represents the additional cost that would be

required to achieve an incremental reduction in emissions.

The GHG price mechanism in the model is also briefly explained below and also made available

in the Supplementary Information:

The model reduces greenhouse gases by placing a price on GHG emissions. This price then filters
down through all the systems in the model and alters production and demand. For example, a price
on carbon would put a cost on emitting fossil fuels. This cost would then influence the cost of
producing electricity from fossil-fired power plants that emit CO2, which would then influence their
relative cost compared to other electricity-generating technologies and increase the price of
electricity. The increased price of electricity would then make its way to consumers who use

electricity, potentially decreasing its competitiveness relative to other fuels.

When a policy is initiated, such as a target to achieve net-zero emissions in 2050, the carbon price
begins to increase and follows the steps described above to achieve the emission target across every

modeling period.
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We appreciate the Reviewer’s concerns but we believe merging these sections with the
discussion would make the discussion section unnecessarily longer than it has to be. In the papers
published in Nature Communications, Nature Climate Change, and other similar journals, the
discussion section is typically a stand-alone section that re-iterates the key insights from the study.
In our paper, the robustness check and results benchmarking sections are quite detailed and distinct
from the typical discussion content. Merging these sections would imply that the "Discussion™

heading does not accurately represent the contents that follow.

We have however implemented the Reviewer’s suggestion for paper structure. We have
sent the robustness check (validation) and sensitivity analysis results to the Method section instead,

following similar manuscript organizations in recent publications in the journal.

We appreciate the Reviewer catching this error. We have made the correction, and have

thoroughly double-checked the entire text to avoid such errors.
We are grateful to the Reviewer for the time taken to review and carefully comment on our

manuscript. Suggestions and recommendations have significantly improved the paper.

Reviewer 3

The authors thank the Reviewer for their careful attention to our paper. We appreciate the
Reviewer's previous suggestions during the first round, which were very instrumental in
strengthening our paper's contribution to the existing literature. We are also glad that our revisions

were satisfactory to the Reviewer. Thank you.
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