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Optimal deployment for carbon capture enables
more than half of China’s coal-fired power
plant to achieve low-carbon transformation

Lin Yang,1 Ning Wei,2 Haodong Lv,3,4,* and Xian Zhang4,5,*

SUMMARY

Carbon capture, utilization and storage (CCUS) technology is critical to global
net-zero emission goal, whereas actual deployment is well below expectations.
This study constructs a comprehensive framework, integrating nonlinear dynamic
optimization, real option and technology learning curve, to explore optimal CCUS
deployment for China’s coal-fired power plant toward carbon neutrality. The
commercialization application will occur in 2030–2035, with the optimal potential
ranging between 248.54 GW and 564.90 GW. East China has the greatest poten-
tial, reaching 196.85 GW, followed by North China with the potential of 116.29
GW. The cost of second-generation capture technology will decrease from 219
CNY/ton CO2 to 165 CNY/ton CO2 during 2030–2031.The annual corporate
expenditure (R&D investment and capture cost) and government expenditure
(subsidy) will peak at 23.92 billion CNY in 2035 and 63.71 billion CNY in 2044,
respectively. The financial burden can be lessened by carbon trading market
and third-party intervention in the later period.

INTRODUCTION

Carbon capture, utilization and storage (CCUS), which can remove CO2 emissions directly at the source,

has been regarded as an essential part of the global toolkit toward a carbon neutral-future. Achieving

the ambitious targets proposed in the Paris Agreement typically rely on greenhouse gas emission reduc-

tions combined with net carbon dioxide removal (CDR), mostly accomplished through large-scale applica-

tion of CCUS technology in addition to afforestation.1 According to IEA,2 CCUS will account for nearly 15%

of the cumulative emission reduction in sustainable development scenario by 2070 when global CO2 emis-

sions from the energy sector fall to zero, and 10.4 Gt of CO2 is projected to be captured from across the

energy sector by then.1,3 Remarkably, the global cost of achieving 450 ppm CO2-equivalent in the atmo-

sphere by 2100 would rise by 138% without large-scale application of CCUS.2,4 Moreover, CCUS is a crucial

option for avoiding large-scale ‘‘lock-in’’ emissions while also offering effective asset protection and boost-

ing the required dispatchable energy for flexibility and resource adequacy from intermittent renewable

generation.5

China, as the world’s largest developing country and carbon emitter, is committed to peaking CO2 emis-

sions before 2030 and achieving carbon neutrality before 2060. The large-scale energy infrastructures,

including coal-fired power plants (CFPPs) and industrial facilities, have an enormous demand for emission

reductions. Although renewables have always been a substantial part of the climate solution, the major

emission-intensive industries will still use fossil fuel for a long term because of the endowment resource

rich in coal.6 In this context, negative emission technologies play a critical role in achieving near-zero emis-

sions in China, with captured carbon accounting on average for 20% of the total reductions in 2050.3 More-

over, it is further estimated that China’s negative carbon emissions will contribute nearly one-fifth of the

global negative emissions in 2100, with its CCUS-captured emissions accounting for 14%.7 Undoubtedly,

CCUS technology is capable of helping the energy sectors align with China’s carbon neutrality goal.8

Considering that the power sector is required to achieve full decarbonization by 2050, the initial focus of

China’s CCUS deployment should be targeted at retrofitting existing CFPPs accounting for approximately

50% of the total capacity globally9 and 40% of global energy-related emissions.10 Presumably, China

should retrofit at least 185 GW of coal-fired power installed capacity with CCUS technologies by 2035.11

According to the most recent official roadmap, CCUS technology should be commercialized by 2035 in
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China, and its emission reduction demand is estimated at approximately 1–1.82 billion tons in 2060 under

the carbon neutrality target.12 Furthermore, it is anticipated that delaying commercialization will increase

the cost of mitigation to $626 billion by 2050 to meet the 2�C warming target.13 At present, the annual

CCUS funding has consistently represented less than 0.5% of worldwide clean energy technology invest-

ment, and related facilities around the world only have the capture capacity of more than 40 Mt CO2

each year, far from living up to its promise. Therefore, deployment in advance is viewed as integral to

meeting China’s climate ambitions and avoiding asset stranding, and is also critical to the global CCUS

development and net-zero emissions.

As a matter of fact, China has been well-positioned to demonstrate global leadership in CCUS technology,

owing to the special technical scheme, a number of CCUS full-process projects, and increasing progress in

R&D and demonstration capability. Basically, the CCUS industrial chain is relatively well developed, and the

overall technological maturity is at a high level, not far from the international level. Nevertheless, the cur-

rent operating projects still remain at pilot scale or lab scale, which can largely be attributed to the tech-

nical issues, cost overruns and the dearth of incentive policies. Notwithstanding this, ‘‘large scale’’ and

‘‘commercial operation’’ are terms repeatedly mentioned across CCUS discussions around the world, in

which the preoccupation with technology cost reduction persists highly. Aiming at pushing ahead with

the CCUS investment in electric power sector, related researches have been carried out by domestic

and foreign scholars through various mathematical methods.14–17 Specifically, on the one hand, it involves

the evaluation of the total system levelized cost of the CCUS full-life cycle deployment.18–20 On the other

hand, the retrofitting potential and option value are evaluated from the perspective of carbon price and

carbon tax under uncertain investment circumstances.21,22 It is worth noting that Kang et al.13 explored

the economically optimal CCUS deployment in China for 2�C target, indicating that the retrofitting capacity

for power sector will reach 499 GW with the abatement cost of 330 billion US dollars by 2050. Admittedly,

the high cost of CCUS technology has somewhat hindered its large-scale deployment, and therefore the

government incentive is extremely necessary, especially in the early stage. As a means for encouraging

CCUS deployment, subsidies are favored by stakeholders, although is not the optimal choice because

of potential market distortion.23 Generally, energy related subsidies can be achieved by feed-in-tariff or

tax refund. Many scholars have discussed the effect of policy subsidy on CCUS development.21,24–28

Notably, given the severe fiscal burden arousing from the traditional fiscal subsidies, the non-fiscal policy

subsidy, extending additional electricity quotas, for early demonstration projects is also discussed.29

In view of the policy deficiency, the promoters advocate that CCUS retrofitting could benefit from a large

potential of cost reduction caused by learning-by-doing.30,31 The exponential form of the learning effect is

the most common expression, presenting a constant percentage of cost decrease for every doubling of

capacity.13,32 Accordingly, to depict dynamic CCUS development, both one-factor learning curves based

on cumulative capacity and two-factor learning curves based on R&D input have been considered.27,33–37 In

addition, the technology options have also been explored.38 CCUS requires two generations capture tech-

nology development to be commercially available and economically viable. First-generation technology is

costly but essential to be demonstrated in ‘‘first-of-a-kind’’ large-scale projects without the need for further

development, whereas the second-generation technology is capable of improving the economic feasi-

bility, energy penalty and abatement performance because of better capture solvents, higher efficiency

boilers, better integration. In China, few power plants will probably utilize second-generation capture tech-

nology without rational deployment even though the second-generation capture technology matures.

Generally, the CFPPs have a lifetime of 40 years, and the recovery period for CCUS investment generally

requires at least 15 years21 Consequently, it is almost impossible to upgrade the more advanced sec-

ond-generation capture technology for CFPPs with first-generation capture technology.37 Ultimately,

many CFPPs in China will face a high risk of technology lock-in.

The existing research has made significant contributions to the techno-economic analysis to accelerate

commercialization of CCUS. However, there is a distinct lack of discussions on the optimization of invest-

ment cost, retrofitting capacity and policy incentive in multi-period considering the learning effect and

technology upgrade. Importantly, although the initial investment is completed, the subsequent opera-

tional risks of CCUS technology may result in the long-term operating andmaintaining cost. In this context,

this study aims to explore the optimal CCUS deployment path for China’s power sector in a dynamic and

uncertain environment, applying a comprehensive framework integrating nonlinear dynamic optimization,

real option and technology learning curve. Specifically, the technical learning effect characterized by

ll
OPEN ACCESS

2 iScience 25, 105664, December 22, 2022

iScience
Article



nonlinearity is primarily interpreted by learning coefficients of learning-by-doing and learning-by-research-

ing, through which the annual capture scale and cost efficiency of the first- and second-generation CCUS

technologies can be assessed reasonably in a dynamic environment. Moreover, the interaction among cap-

ture cost, R&D cost and government subsidy is identified through dynamic programming integrating real

option and endogenously learning effect. In addition, the spatial and temporal layout is also investigated

based on the regional heterogeneity in installed capacity, storage potential and capture cost.

RESULTS

Current development status of CCUS technology in China

In China, the Technology Readiness Level (TRL) of various CCUS technologies is constantly improving, reflect-

ing on the significant progress made in low-cost, low-energy capture technology, chemical/biological CO2

comprehensive utilization, enhanced deep salt water recovered and storage and other technologies, which

have reached the international advanced level. In addition, China has the capacity to build the million-ton

CCUSdemonstration project and has also accumulated a great deal of engineering experience. By 2022, there

had been approximately 50 CCUS demonstration projects in operation and planning, with a capture capacity

of 2–3 Mt CO2/a, mainly applied in petroleum, coal chemical, power, cement, steel and other industries. It is

clear that by 2030, existing technologies will be ready for commercial application and industrialization. The

cost and energy consumption of the first-generation capture technology will reduce by 10–15% compared

with the current one, and the cost of second-generation capture technology is close to first-generation tech-

nology. By 2035, the cost and energy consumption of first-generation capture technology will further reduce

by 15–25% compared with current one, and the second-generation capture technology would achieve com-

mercial application with a cost reduction of 5–10% compared to the first-generation capture technology.12,39

In terms of the policy support, China and other countries/organizations jointly established theCarbon Seques-

tration Leadership Forum (CSLF) in 2003, aiming to promote the CCUS technology development via interna-

tionally collaborative efforts. Afterward, as China became the largest carbon emitter, the government decided

to drawmore attention to CCUS technology and introduced a range of policies, regulations and guidelines to

promote its development, such as three specific CCUS road maps issued in 2011, 2015 and 2019.

Potential evaluation with CCUS commercial retrofitting

In China, the total installed capacity of coal-fired units in operation after 1996 reaches 841 GW. Because of

the 40-year operating life of coal-fired units, we provide a comprehensive assessment of the CCUS

commercialization potential and capture scale with the comprehensive concern of residual life and two

types retrofitting investment recovery periods (IRPs): One is 15 years (IRP = 15) and the other is 10 years

(IRP = 10).21,37 As shown in Figure 1, the total CCUS retrofitting potential will gradually decrease over

Figure 1. CCUS commercial retrofit potential and change in capture scale

The results describe the variation trend of CCUS retrofitting potential under the two IRPs, and the line graph shows the

variation of added capture capacity over time between the both two generations of capture technology.
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time under the two IRPs without taking into account the new-built CFPPs in China, especially from 2030. It

can be observed that the potential will reach 477.82 GW (56.82%) by 2030 and then drop to 248.54 GW

(29.55%) by 2035 if the investment recovery period is 15 years. Afterward, the retrofitting potential con-

tinues to drop, even less than 100 GW by 2040, and would then further tend to be nearly zero from 2041

onwards. In this case, most of the CFPPs will face two kinds of situations: on the one hand, they lost the

retrofit opportunity because of the late commercialization of second-generation capture technology and

the progressively shorter operating life of coal-fired power plants; on the other hand, most of these

CFPPs will be retrofitted with first-generation capture technology, resulting in the technology lock-in

risk. It is noteworthy that the total retrofit potential would increase significantly if the IRP reduced from

15 to 10 years, although it would also see a marked decline after 2035. To be specific, the CCUS retrofitting

potential will reach 564.90 GW (67.17%) by 2030 and 477.82 GW (56.82%) by 2035, respectively, whereas it

will rise from almost zero (IRP = 15) to 130.71 GW in 2043.

China has promised to peak its carbon dioxide emissions before 2030, and then CO2 emissions will enter

the phase of rapid decline, leading to the preferential demand for CCUS technology. Currently, almost half

of CFPPs in active service are less than 10 years old, with a long residual service life. Thus, if two-generation

CCUS technologies are not deployed reasonably and timely, the residual life of these CFPPs will be difficult

to recover retrofit investment. On the one hand, some CFPPs will suffer technology lock-in risk caused by

the first-generation technology and fail in adoption the second-generation technology. One the other

hand, some infrastructures will inevitably be decommissioned in advance under the mandatory emission

constraints, resulting in a large number of assets stranded.21,37 Moreover, the cost of the second-genera-

tion capture technology will also decrease significantly by 2030, making it economically viable for CCUS

deployment. In this case, the CCUS technology roadmap and related national policies identify 2030–

2035 as the optimal retrofitting period. On the whole, during the optimum retrofit period from 2030 to

2035, reasonable CCUS deployment enables 29.55–67.17% of China’s coal-fired power plant to achieve

low-carbon transformation. Regardless of the investment recovery periods, the IEA’s retrofitting target

of 185 GW in 2035 can be satisfied.11 Apparently, deployment in advance and shortening the investment

payback recovery are crucial, with the retrofit potential reaching 564.90 GW if the commercialization

time can be advanced to 2030.

In addition, the capture capacity of first-generation and second-generation capture technologies varies

greatly from year to year. It can be found that the CCUS retrofitting of CFPPs is dominated by first-gener-

ation capture technology during the period of 2021–2030, with the capture scale increasing from 4.17 to

40.70 Mt CO2/a, whereas the second-generation capture technology is in its infancy and should be in

the R&D demonstration stage without deploying on a large scale simultaneously, with the capture scale

increasing from 0 to 27.95 Mt CO2/a. After this, however, the newly added capture scale with first-gener-

ation capture technology will start to decline gradually, corresponding to the continuous explosive growth

for that with second-generation capture technology whose scale will reach 146.59Mt CO2/a in 2035, with an

increase of 4.2 times compared with that in 2030. Remarkably, the second-generation capture technology

will be commercially available by 2035 andwill be the primary technology applied by China’s thermal power

industry to realize decarbonization. By 2043, the retrofitting potential tends to be zero with the 15-year IRP,

whereas the capture scale will peak at 172.37 Mt CO2/a CO2. Since then, the annual newly added capture

scale will experience a marked drop because of the continuous improvement of technology maturity and

decline of the retrofitting potential of CFPPs, whereas it still maintains an overall growth trend. Overall, the

capture scale of first-generation capture technology basically stays at a relatively low level during the whole

study period, whereas the second-generation capture technology rapidly becomes the predominant tech-

nical means after 2030.

Regional-level CCUS retrofit potential evaluation

It is extremely vital to reveal the detailed CCUS retrofitting potential of CFPPs in different regions from the

spatial level perspective when deciding on an appropriate CO2 storage area. Currently, the most suitable

regions for inland CO2-EWR and CO2-EOR are mainly located in the northwest, northeast and north of

China.20 As illustrated in Figure 2, the distribution of CFPPs in China is characterized by ‘‘more in the south-

east and less in the northwest’’, and there is a large potential for CCUS retrofitting in East China with rela-

tively concentrated CFPPs, reaching 196.85 GW. The potential inNorth China is 116.29 GW, which is slightly

lower than that in East China. In northwest, central and South China, the potential is at the medium level,

which is 78.61, 71.30 and 63.13 GW, respectively. The regions with the least potential are southwest and
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northeast China because of the decentralized and small-scale CFPPs, with the value of 49.36 and 37.89 GW,

respectively.

Specifically, the basins suitable for CO2-EWR in China have a large distribution areas and great storage po-

tential, among which Junggar Basin, Tarim Basin, Qaidam Basin, Songliao Basin and Ordos Basin are the

best choices. It is estimated that CO2-EWR technology can achieve a theoretical storage capacity ranging

from 1210 to 4130 billion tons CO2 at 10 and 90% confidence level, accompanying with recoverable ground

water approximately 1330–6190 billion tons.40 The optimal areas for CCUS retrofitting are proved to be

North China, East China and South China based on the cost-effective source-sink matching within a dis-

tance of 800 km, among which the eastern and northern sedimentary basins have relatively favorable spatial

matching with carbon source distribution (such as Bohai Bay Basin, Ordos Basin and Songliao Basin). The

geological conditions for sequestration are relatively well in the northwest, but the distribution of carbon

sources is relatively scarce.40 In addition, most CFPPs, located in the southern coastal area, can pay atten-

tion to the demand of offshore CCUS projects requiring offshore infrastructure, including offshore plat-

forms and subsea pipelines, making them more costly and challenging than onshore CCUS projects.20

Actually, the techno-economic analysis of CFPP with CCUS retrofitting for China has been performed,

noting that the capture cost ranges from 35 to 80 USD/t CO2.
13,38,41 However, most of them provided

the preliminary knowledge of CCUS used in decarbonizing China’s power sector, ignoring the

Figure 2. CCUS retrofitting potential and sequestration tech-economic assessment of CFPPs at the regional level in China

The results are tech-economic evaluation based on the source-sink matching of China’s CFPPs. The column represents the CO2 emission reduction potential

realized by CCUS retrofitting in different regions, and the different color triangles represent differentiated CO2 sequestration costs at the current location.
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spatiotemporal variation of capture cost resulting from technology upgrades and regional differences. In

this study, the plant-level capture cost is provided. Specifically, it estimates that most of these projects will

come at a high cost, with the value of 45–60 USD/t CO2, whereas in the Sanshui Basin, Erhai Basin and

Jinggu Basin, the cost can be as high as 60–90 USD/t CO2 and even more than 90 USD/t CO2. By contrast,

the lowest cost below 45 USD/t CO2 can be observed in Junggar Basin, Jianghan Basin, Bohai Bay Basin

and Ordos Basin. As a result, CCUS projects are not currently being deployed in South China considering

the high cost and technical limitations of offshore storage despite the great potential for CCUS retrofitting.

Capture cost assessment with CCUS commercial retrofitting

Figure 3 illustrates the capture cost curve for both two generations capture technology. Around 2030, the

two generation technologies are predicted to reach break-even point, with the capture cost of first-gener-

ation technology lower than that of second-generation technology. Whereafter, the second-generation

capture technology will gradually begin to be demonstrated on a scale and its capture cost will usher in

a new breakthrough based on learning-by-doing and learning-by-researching. From 2030 to 2031, it will

decrease from 219 CNY/t CO2 to 165 CNY/t CO2. If CCUS commercialization is realized at this time, the

retrofitting potential will reach 564.9 GW (IPR = 10 years) and 477.7 GW (IPR = 15 years). Overall, the

first-generation capture technology will hit a wall after 2030, whereas the second-generation capture tech-

nology will witness a continuous cost reduction and become more appealing.

During the period from 2031 to 2040, the cost of second-generation capture technology still shows a down-

ward trend with a significant drop, reaching at about 62.8 CNY/t CO2 by 2040. In contrast, the first-gener-

ation capture technology cost roughly remains at about 190 CNY/t CO2. The second-generation capture

technology has become the main capture technology for CCUS retrofitting since 2035, with the capture

cost staying in a slow and stable trend. Subsequently, it will continue to mature by 2040 with the space

for cost reduction gradually decreasing.

Assessment of total capture cost and subsidy level with CCUS commercialization

As CCUS retrofitting is affected by the corporation itself, as well as the policy support, the annual capture cost,

R&D investment and subsidy level of CCUS retrofitting from 2021 to 2050 are investigated (Figure 4). It should

be noted that the R&D investment mainly refers to the R&D cost of the enterprise for the second-generation

Figure 3. Trends in unit costs of both two generations capture technology

The results describe the cost variation of intergenerational replacement of capture technology. In 2021–2030, the first-

generation capture technology will be the main technology, and the second-generation capture technology is in the

research and development stage. 2030–2035 is the window period for demonstration and application of the second-

generation capture technology. From 2035 to 2040, the second-generation technology will be basically mature and large-

scale application will begin. After 2040, the second-generation technology will be commercialized gradually. The result in

the upper right corner describes the change in intergenerational costs around the break-even point.
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capture technology in this study. Moreover, China’s financing modes for CCUS deployment are currently not

well developed and government subsidy is considered as the most effective incentive. However, it is possible

to establish a market-oriented incentive mechanism to ease the financial burden, so as to form a sustainable

CCUS industrial chain.

Of interest, the annual capture cost roughly presents an ‘‘inverted U’’ type trend, whereas the R&D invest-

ment can be observed a moderate ‘‘N’’ type trend (Figure 4A). With the development of the second-gen-

eration capture technology, the scale of the first-generation capture technology has declined and shows a

trend of decreasing year by year. By 2030, as the second-generation capture technology begins to be

demonstrated with a scale of 27.95 Mt CO2/a, the capture cost and R&D investment will go up significantly,

reaching at 14.68 billion and 11.24 billion CNY, respectively. However, the scale of the second-generation

capture technology suddenly decreases to 16.86 Mt CO2/a in 2031 because of the limitation of the initial

technology development capability, with a correspondingly larger reduction in capture cost. Subse-

quently, the second-generation capture technology will increase to 91.6 Mt CO2/a by 2032 and the capture

cost presents a significant surge, possibly because of the demand for emission reduction and the stimulus

of relevant policies. With the continuous technological progress, the second-generation capture technol-

ogy will gradually replace the first-generation capture technology, and its capture cost will reach 11.42

billion CNY with a slightly reduced R&D investment of 9.3 billion CNY by 2035. Owing to the gradual de-

commissioning of the CFPPs, the newly added capture scale will remain largely low and R&D investment

will decline continuously, bottoming at 51.69 billion CNY in 2043. Afterward, the capture cost will continue

to fall, whereas R&D investment will continue to rise steadily because of the further technology updating to

promote the CCUS high-quality development and commercialization.

The continuous expansion of CCUS retrofitting scale may lead to excessive financial burden, and therefore

the optimal subsidies is likely to increase for a long time. The government subsidy pictures an obvious ‘‘in-

verted U’’ shape, peaking at 63.71 billion CNY in 2044 (Figure 4B). Specifically, from 2021 to 2030, the policy

subsidy continues to rise with the increasingly total capture cost, reaching at 23.96 billion CNY by 2030.

Notably, although the total CCUS cost starts to decrease after 2031, it is still essential to increase the policy

subsidy considering the risk factors, such as CCUS facility investment, in the whole CCUS process system.

Moreover, CCUS full lifecycle would achieve unprecedented development beyond 2040, which initially

Figure 4. Assessment of various types of costs and subsidy levels for the commercialization of CCUS

(A–C) The results mainly discuss the capture cost of the both two generations technology, corporate R&D investment (A) and corresponding government

subsidy level (B) in different retrofitting periods. Cost proportion among the first- and second-generation technology, and the corporate R&D investment is

depicted in (A), and finally, the overall corporate expenditures, government expenditures, and total social expenditures are comprehensively counted (C).

Corporate R&D investment mainly refers to the investment cost of the enterprises for the second-generation capture technology. The total capture cost

represents the sum of the two generations technology costs and the R&D investment from enterprises with the second-generation capture technology. The

level of subsidy in this paper refers to any form of subsidy from the government as it does not consider the specific funds classification.
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form CCUS new format with Chinese characteristics, and policy subsidies level would to be significantly

improved, reaching its peak in 2044. The subsidy level is also more favorable for decarbonization policy in-

centives and investment with the continuous R&D progress.

To achieve the 2�C target, the total abatement cost of CCUS technology in China has been assessed by

many scholars, reaching one trillion dollars or more.42,43 However, based on a dynamic nonlinear optimi-

zation model, we found the total abatement cost is not quite as high as that, and the our estimated results

are roughly consistent with the studies conducted by Kang et al.13 and Yao et al.27 To be specific, the total

CCUS commercialization cost will be 25.92 billion CNY by 2030, of which 33.0% will be spent on first-gen-

eration capture technology demonstration projects, 43.4% on corporate R&D of second-generation cap-

ture technology, and the remaining 23.7% on second-generation capture technology demonstration pro-

jects (Figure 4A). By 2035, the total CCUS enterprise expenditure cost will peak at 23.92 billion CNY, of

which the capture cost for the second-generation technology demonstration project goes up to 47.7%,

the corporate R&D and innovation demonstration cost of the second-generation capture technology de-

creases slightly to 38.9%, and the remaining 13.4% is used for the demonstration project construction of the

first-generation capture technology. In addition, the corporate R&D investment of second-generation cap-

ture technology in 2040 is lower than that in 2030 and 2015 as the high technology maturity, but still at a

high level. At this time, investment in demonstration projects with second-generation capture technology

accounted for more than half of the total CCUS commercialization cost, which is 56.9% higher than that in

2030, and corporate R&D and innovation investment accounted for 35.0%. Although the proportion of the

first-generation capture technology demonstration projects continues to decrease, with a 69.1% cost

reduction during the decade. As a whole, the total social expenditure, including corporate related R&D in-

vestment and capture cost and government-related subsidy, will rise from 49.88 billion CNY in 2030 to 59.26

billion CNY in 2040 (Figure 4C). The corporate-related expenditure accounts for 52% in 2030, whereas it

declines to 29% in 2040. This can be attributed to the large-scale facility investment from the government

in along with the widespread adoption of second-generation technology and rapid development of CCUS

commercialization.

DISCUSSION

CCUS is widely recognized as being uniquely valuable to meeting climate goals. We construct a comprehen-

sive model, integrating the nonlinear dynamic optimization, real option and technology learning curve, to

explore the CCUS retrofitting potential of CFPPs in China from 2021 to 2050, considering the uncertainties

of technology lock-in risk and IRPs (Figure S1). Meanwhile, the multi-period capture cost, R&D input cost

and required subsidy level in a dynamic and uncertain environment are also estimated. Obviously, there is

a large potential for CCUS retrofitting in East China with relatively concentrated CFPPs, reaching 196.85

GW, and the retrofitting potential inNorth China is 116.29 GW, which is slightly lower than that in East China.

We interpret cost-learning effects with nonlinear characteristics based on technological progress and lock-in

risk through technology learning coefficients, as well as the carbon price and technology attenuation rate to

minimize the demonstration cost and R&D cost of the two generations capture technology. The break-even

point between first- and second-generation capture technologies is expected to occur around 2030. Consid-

ering the high cost pressure from the expansion of CCUS retrofitting scale, we further identified the interaction

between subsidy level, R&D investment and capture cost through dynamic programming and endogenously

learning effect. Although the R&D investment is estimated at up to 11.24 billion CNY in 2031, it would likely

decline to 51.7 billion CNY in 2043 because of the continuousmaturity of the second-generation capture tech-

nology. It is still essential to increase the policy subsidy considering the risk factors such as CCUS facility invest-

ment, source-sinkmatching pipeline construction investment, and additional storage cost causedby uncertain

geological conditions in the whole CCUS process system, resulting in the subsidy level peaking at 63.71 billion

CNY in 2044. Generally, three different subsidy manners, including initial investment subsidy, electricity tariff

subsidy and CO2 utilization/storage subsidy, can be applied for CCUS development.25 Actually, China has not

yet established specific fiscal support and incentive mechanisms for CCUS development until now. By

contrast, the European Union (EU) incorporated CCUS into the carbon trading system (ETS) and relied on

higher carbon trading prices to reflect the value of CCUS emission reduction; the US Government enacted

the Section 45Q tax credit regardless of whether the CO2 was used for EOR and stored in 2008, and further

amended the tax credit in 2018, significantly increasing and enhancing it in a variety of ways. At present,

the tax credit is set to rise over a period of years to $35 per ton of CO2 captured from an industrial source

and stored through EOR, and $50 per ton for CO2 stored in a non-producing geologic formation, greatly

improving the enthusiasm of high-emission enterprises to construct CCUS projects. From this, some scholars
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suggested that China could draw on the 45Q tax credit and EU-ETS provisions, proving that storage/EOR sub-

sidy is conducive to form a complete CCUS industrial chain and therefore can be considered as an effective

mechanism to promote CCUS development.25,44 More importantly, the current subsidy level referring to

the 45Q Tax Credit can lower critical carbon price and is high enough to trigger CCUS investment because

of low labor and production costs in China.25

The financial burden can be lessened by means of carbon trading market and third-party intervention in the

later period. To be specific, first, although the entities with CCUS retrofitting have not been incorporated into

the carbon trading scheme in China as a result of unanticipated impacts on vulnerable carbonmarket, they are

necessary to be involved in carbon tradingmarket in the future. Notably, the critical price for CCUS investment

has been proved to 103.56–700 CNY/ton CO2, whereas the current global carbon price and Chinese carbon

price are far from desirable level to trigger CCUS investment.21,38,45,46 Therefore, a significant increase in car-

bon price is needed through applying a price incentive directly proportional to the greenhouse gas emissions

generated by a given product or activity. Second, the government can establish CCUS development fund,

open up CCUS green finance channel, and launch CCUS climate investment and financing pilot. Third, it is

suggested to introduce the third-party companies (e.g., high-tech enterprises, venture capital firm), which

are responsible for technical solutions and capital chain, to develop the flexible business model.

Overall, we found that the future emission reduction potential of CCUS technology in China is huge,

whereas it is difficult to release the potential because of the maturity of key technologies and economic

efficiency in each link of CCUS. Reasonable industrial integration based on industry characteristics and

regional characteristics can effectively reduce cost. In the next 10 years, with the continuous technology

enhancement and the increasingly intensive policy incentives, the maturity and economy of CCUS technol-

ogies will continue to improve, and the emission reduction potential will be gradually released as they

gradually enter the stage of commercial operation. At present, selecting the right early opportunity is crit-

ical to the development of CCUS technology, and the intergenerational transformation of CCUS technol-

ogy should be carried out. To conclude, we put forward some suggestions. First, to reduce the possibility of

technology lock-in risk, the two generation technologies must be deployed in a systematic manner. It is

essential for the government to help enterprises to speed up the R&D demonstration of the new-genera-

tion capture technology before 2030 so as to reduce the capture cost and energy consumption. Meanwhile,

the application of first-generation capture technology should be appropriately restricted to clear space for

the advancement of second-generation capture technology. Second, the government and power com-

panies should keep the total CCUS commercialization cost under reasonable control, that is to say, the in-

vestment allocation ratio between both two generations capture technology should be clarified. Particu-

larly, the government can take some measures to boost the carbon price suitably and gradually

integrate CCUS into the carbon market to incentivize CCUS development. It is suggested that the govern-

ment should set the total emission reduction properly and reduce the carbon quota appropriately, plan the

financial market mechanism and raise the carbon tax to some extent. In addition, the enterprises need to

adjust their production and operation decisions reasonably according to the carbon trading market to

ensure stable carbon price expectations. Finally, it is necessary to accelerate technology learning and

R&D investment to stimulate the development of second-generation technologies, and thus reduce the

subsidy level for future CCUS retrofitting. In addition, with reference to the current subsidy policy for renew-

able energy technologies, the government should further improve the subsidy scheme for the CCUS tech-

nology to make up for the policy deficiency at present.

Limitations of the study

Currently there are still some limitations regarding to the technology learning curve model. The fluctuation

and uncertainty of the technology learning rates over time have not been fully taken into account in our

study. In terms of future studies, scenarios of technology learning rate changes at different stages will

be further considered, and the impact of technological advances on CCUS retrofitting costs will be as-

sessed in a comprehensive manner by stages.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Framework of the optimization model

Currently, the CCUS commercial retrofitting faces many uncertainties, including carbon price fluctuations,

technology lock-in risks, power plant residual lifetime, and investment recovery period, etc. According to

the research on CCUS demonstration evaluation, the capture cost accounted for the largest proportion

with 60–80% of the total process cost.47–49 Moreover, the improvement of capture technology is also

one of the biggest contribution factors to the reduction of the overall CCUS cost. In this context, this paper

constructs a comprehensive model integrating the technology learning curve, real option and objective

optimization model to achieve the optimal capture cost and subsidy level based on the premise of meeting

the CCUS commercial retrofitting potential proposed by IEA and assisting in China’s carbon neutrality

goal. Typically, the objective function is tominimize the capture cost, which is restricted by the per unit cap-

ture cost and the newly added capture scale. More details are shown in Figure S1. These three models will

be detailed in supplementary information.

This dynamic optimizationmodel is based on the expected conditions satisfying certain constraints, and we

have actually used the Monte Carlo simulation to examine the effectiveness and robustness. We first simu-

late thousands of scenarios of the drift rate based on the stochastic process of Brownian motion to seek the

feasible and optimal solution. Then, we take each of the simulated price paths into the model to calculate

the subsidy level derived under expected condition. Finally, the re-calculated results under simulation are

adopted to test the robustness of the optimized subsidy levels and R&D inputs in achieving the capacity

target and minimized costs.

MODEL ASSUMPTION

Based on the above, the following assumptions are formulated.

(1) The CFPPs in China will most likely not be built on a large scale.

(2) The basic installed scale for CCUS retrofitting ranges from 300 MW to 600 MW.

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Microsoft Office 2019 Microsoft https://www.microsoft.com/zh-cn/

microsoft-365/microsoft-office

MATLAB 2018b Mathworks https://www.mathworks.com/

products/matlab.html
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(3) The first-generation capture technology matures to be commercially applied by 2030; the second-

generation capture technology is gradually tested for industrial application after 2031.

(4) Considering the current environmental policy in China, we assume that units above 600 MW will

have a 40-year operating lifetime, smaller units will have a 30-year operating lifetime, and units

smaller than 300 MW will be abandoned by 2025.

(5) The characteristics of power plant itself, include age, size, load, and location, have significantly

impact on commercial retrofits in-service plants. In response to these feature, IEA11 has specified

the relevant technical suitability criteria for CCUS retrofitting of CFPPs (Table S1).

METHOD DETAILS

CCUS technology learning curve model

The link between CO2 capture costs and R&D demonstration investments is determined by using technol-

ogy learning curve models, thus reflecting the degree of technological progress.50 A single-factor learning

curve was used for the first-generation capture technology and a two-factor learning curve was used for the

second-generation capture technology. In terms of the first-generation capture technology, only by estab-

lishing demonstration projects (learning-by-doing) can capture expenses be reduced.

TCOIðtÞ = TCOIð0Þ$ðCCIðtÞÞ� bIc (Equation 1)

TaIc = 1 � 2� bIc (Equation 2)

Meanwhile, the second-generation capture technologies also need to be further improved, so the devel-

opment of demonstration projects should be accompanied by increased investment in research to facili-

tate CCUS commercialization (learning-by-researching).

TCOIIðtÞ = TCOIIð0Þ $ ðCCIIðtÞÞ� bIIc $ðEXPIIðtÞÞ�ac (Equation 3)

TaIIcðCCÞ = 1 � 2� bIIc (Equation 4)

TaIIcðEACÞ = 1 � 2�ac (Equation 5)

where CCIðtÞ and CCIIðtÞ denote the initial capture scale of first-generation capture technology and sec-

ond-generation capture technology (Mt CO2), respectively. TCOIðtÞ and TCOIIðtÞ denote the capture

cost in year t, respectively; TaIIcðCCÞandTaIIcðEACÞdenote the learning rate of learning-by-doing and

learning-by-researching with second-generation technology.

Actual cost of first-and second generation capture technology:

TCOactural
I ðtÞ = TCOIð0Þ $ ðCCIðtÞÞ� bIIc � PcðtÞ (Equation 6)

CCIðtÞ = ð1 � qIÞ $CCIðt � 1Þ+DPIðtÞ (Equation 7)

TCOactural
II ðtÞ = TCOIIð0Þ $ ðCCIIðtÞÞ� bIIc $ ðEXPIIðtÞÞ�ac � PcðtÞ (Equation 8)

CCIIðtÞ = ð1 � qIIÞ $CCIIðt � 1Þ+DPIIðtÞ (Equation 9)

EXPIIðtÞ = EXPIIðt � 1Þ+ IKðtÞ (Equation 10)

IKðtÞ = l $ ðYFEIIðtÞÞg$ðEXPIIðt � 1ÞÞd (Equation 11)

where YFEðtÞ denotes the R&D and demonstration cost in year t; IKðtÞ denotes the incremental of knowl-

edge stock in period t.

CRITICAL CARBON PRICE-BASED REAL OPTIONS MODEL

A real options is a crucial tool for evaluating value and making strategic decisions. For large investment

projects with greater uncertainty (including the irreversibility of investment, the uncertainty of future
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cash flow, and the flexibility of investment timing), the real options model can delay investment judgment

to appropriate time, thus providing new investment opportunities.51

The critical carbon price is the carbon price that must be met to trigger CCUS investment in CFPPs under

the real option regulation.21 The volatility of carbon price, which reflects the uncertainty of carbon price, is

an important factor influencing CCUS retrofitting. A carbon price can be regarded as the price that power

plants pay for their carbon emissions, and CCUS could avoid these extra costs. According to the study of

Abadie and Chamorro,52 carbon price adjustments have the greatest impact on the subsidy prices devel-

opment. Energy prices are usually modeled as non-stationary random processes.21PcðtÞ represents the

price of carbon in year t.

Based on Insley,53 the carbon pricing change is assumed to be a random process with considerable vola-

tility and drift., implying that the carbon price is governed by Geometric Brownian Motion (GBM) and fol-

lows a non-stationary random process:

dPcðtÞ = rPcðtÞdt + sPcðtÞdu (Equation 12)

where PcðtÞ represents the emission price of 1 ton of carbon dioxide in time t, and EðPcðtÞÞ = Pcð0Þert . Typi-
cally, r represents the projected growth rate and s indicates the instantaneous fluctuation of the carbon

price. du is the increment of the standard Wiener process, denoted as du = εt

ffiffiffiffiffi
dt

p
, where εt is a regularly

distributed random variable with a mean of 0 and a SD of 1. Therefore, applying the initial carbon price and

Equation 12, the future carbon price can be estimated.

According to Laurikka and Koljonen54 and Abadie and Chamorro,52 we got P0
cðtÞhln PcðtÞ. Meanwhile,

applying Ito’s Lemma, we could get:

dP 0
cðtÞ =

�
r � 1

2
s2

�
dt + sdu (Equation 13)

Based on the background of risk neutrality, the risk neutral function of this equation is:

dP 0
cðtÞ =

�
r � 1

2
s2 � 4

�
dt + sdu (Equation 14)

At this point, the forward price F($) (V/t CO2) is the projected spot price in a risk-neutral situation, thus mak-

ing the current value of the forward contract equal to zero. In addition, the properties of lognormal distri-

bution (X) show that:

FðPcð0Þ; tÞ = exp

�
E

�
P 0
cðtÞ

�
+
1

2
Var

�
P 0
cðtÞ

��

= exp

�
ln Pcð0Þ +

�
r � 1

2
s2 � 4

�
t +

1

2
s2t

� (Equation 15)

After simplification, we get:

FðPcð0Þ; tÞ = Pcð0Þeðr�4Þ t (Equation 16)

Writing the above equation in logarithmic form yields, we get:

ln FðPcð0Þ; tÞ = ln Pcð0Þ+ ðr � 4Þt (Equation 17)

In summary, based on a series of discretized variations in Abadie and Chamorro,52 and combined with the

research results of Yao et al.,27 we can obtain the expression of carbon price in t+1 period as follows:

Pcðt + 1Þ = PcðtÞ$exp
��

r � 1

2
s2 � 4

�
dt + sdu

�
(Equation 18)

where 4 denotes the risk premium associated with the cost of existing thermal power plant. The parameter

values are set as: r � 4 = 0:0551; s = 0.2339.

In addition, when accounting for the cost of CCUS retrofitting, the project subsidy cost should also be

considered. Applying the incremental cost accounting approach to assess the level of project subsidies,

the cash flow of the CCUS technology in period t is:
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NFCðtÞ = LsubsidyðtÞ$DPðtÞ � TCOðtÞ (Equation 19)

where LsubsidyðtÞ is the fixed subsidy level for CCUS retrofitting per capture scale in period t. CCUS retro-

fitting projects implemented in different periods may have different subsidy levels, and different critical

carbon price would stimulate CCUS retrofitting to some extent. Therefore, direct subsidies might be

turned into the necessary carbon price in each period to boost CCUS investment. We

useScaleðPc ; Lsubside;DPÞ to estimate the newly-added capture scale (DP). The predicted yield of CCUS ret-

rofitting is equal to the risk-free interest rate r with 10% based on risk-neutral valuation.27

E½dScale� + NFCðPc ; Lsubside;DPÞdt = rScaledt (Equation 20)

The incremental retrofitting profit and the instantaneous profit during dtmake up the majority of the CCUS

retrofitting profit. Since PðtÞ obeys the geometric Brownian motion (GBM), it likewise obeys the same drift

rate and volatility of the GBM.55 Therefore, dScale can be expressed applying Ito’s Lemma.

dScale =
1

2

v2Scale

vP2
t

P2
t s

2dt +
vScale

vPt

�
Pt $ ðr � 4Þdt + Pt $ s

2du
�

(Equation 21)

Since du = εt dt and εt is a normal distribution with εt � Nð0; 1Þ, consequently E½du� = 0. Therefore, the

CCUS retrofitting benefit is the solution of the following constant coefficient homogeneous partial differ-

ential equation.

1

2

v2Scale

vP2
t

P2
t s

2 +
vScale

vPt
Ptðr � 4Þ � rScale + NFC

�
Pc ; Lsubsidy ;DP

�
= 0 (Equation 22)

According to the standard argument, the specific solution takes the following form:

Scale

�
Pc ; Lsubsidy ;DP

�
= A1P

m1
c + A2P

m2
c +

Lsubsidy$DP

r
� TCO

r � ðr � 4ÞPc (Equation 23)

where
Lsubsidy$DP

r � TCO
r�ðr�4ÞPc is the basic component of the CCUS retrofitting benefits and A1P

m1
c +A2P

m2
c is

the speculative bubble. Based on the research results of Dixit and Pindyck55 and Boomsma et al.,56 the

Yao et al.27 conducted a further study and obtained the CCUS retrofitting revenue with eliminating spec-

ulative bubble：

Scale

�
Pc ; Lsubsidy ;DP

�
= � B1 $TCO $Pc + B2 $DP$Lsubsidy (Equation 24)

B1 =
1

r � ðr � 4Þ ;B2 =
1

r
:

CCUS RETROFITTING COST OPTIMIZATION MODEL

More than half of the CFPPs in China were built between 2005 and 2015, and will expect to decommission in

2035–2045 based on the operation life of 30–40 years. Considering the thermal power phase-out and cap-

ture technology progress, the first-generation capture technology should be industrialized around 2030,

and the energy consumption and retrofitting cost of second-generation technology will be significantly

lower than that of first-generation technology by 2035.12 It is planned that CCUS technology will be widely

deployed and related industrial clusters will be set up by 2050 because of high technology maturity and

favorable business environment, and therefore the final time point of relevant technologies in this study

is set to 2050. Based on the above, the expression of the optimization model aiming at minimizing the cap-

ture cost is shown in Equation 25:

TCOST = min

( X2050
t = 2021

TCOactural
I ðtÞ 3 DPIðtÞ +

X2050
t = 2021

TCOactural
II ðtÞ 3 DPIIðtÞ +

X2050
t = 2021

YFEðtÞ
)

(Equation 25)

where TCOST denotes the total capture cost with CCUS; the time range of t is 2021–2050, which indicates

the application phase of the transition from first-generation capture technology to second-generation cap-

ture technology.

Based on Equations 10 and 11, the relationship between the R&D costs (YFEðtÞ) and cumulative experience

of (EXPðtÞ) of second-generation capture technology during year t can be expressed：
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EXPIIðtÞ = EXPIIðt � 1Þ + l $ ðYFEIIðtÞÞg$ðEXPIIðt � 1ÞÞd (Equation 26)

In the CCUS cost optimization model, the constraints are mainly reflected by CO2 capture cost and CCUS

newly-added capture scale.

CO2 capture cost constraints

The second-generation capture technology must be more cost-effective than the first-generation capture

technology before commercial large-scale application. On the one hand, existing technologies will be

capable of realizing commercialization by 2030, so the cost constraint of first- and second-generation cap-

ture could be determined. On the other hand, the second-generation capture technology should be at

least 30% less expensive than the first-generation capture technology through continuous experience

accumulation,57,58 and the second-generation capture technology should not spend more than 220

CNY/t.37,57,58

TCOactural
II ðtnÞ%220 (Equation 27)

TCOactural
II ðtnÞ % ð1 � 30%Þ3TCOactural

I ðtnÞ (Equation 28)

where tnindicates the technology application time when CCUS is commercialized. For example,

TCOactural
II ðtnÞdenotes the capture cost per unit of the second-generation technology when CCUS is

commercialized in year tn.

CCUS capture scale constraint

At present, CCUS capture capacity and project scale are relatively limited in China, and tominimize capture

costs and gain experience, various large-scale CCUS demonstration projects are required.

Most CCUS demonstration projects with first-generation capture technology are expected to be

completed by 2030, with preliminary application of second-generation technology expected by 2035. Ac-

cording to China’s CCUS technology roadmap,12 the total capture scale will reach 9 Mt/a by 2025, while it

will exceed 20 Mt/a by 2030 and 70 Mt/a by 2035, respectively. Based on the fact that the capture scale of

first-generation technology cannot be too large to avoid technology lock-in risk, it is assumed that the

average capture capacity is 1 Mt/a and the projects with first-generation technology are mostly completed

before 2030 with a total number of 10–40.59 During the whole study period, the newly-added cumulative

capture scale is 10–40 Mt with first-generation technology, as follows:

1000 %
X2030

t = 2021

DPIðtÞ %4000 (Equation 29)

where DPðtÞ denotes the newly-added capture scale in year t (Mt CO2/a).

QUANTIFICATION AND STATISTICAL ANALYSIS

Model solution

This study uses MATLAB software to solve the model. The goal of this model is to minimize the total cost of

first-generation capture technology, second-generation capture technology, and R&D for CCUS under

several constraints.

Firstly, a nonlinear optimization procedure is run given a set of initial values of variables and parameter

values. In the cost-optimal objective model, there are 3 3 30 variables to be optimized (three cost types

multiplied by 30 time periods, i.e., 2021–2050, with a time step of 1 year). Secondly, the model subrou-

tines is run with cumulative capture size and capture cost, and R&D costing. All the above procedures are

repeated from the first t period to the last cycle. Finally, the cumulative capture size and corresponding

total cost per unit of capture for CCUS capture technologies from 2021 to 2050 are aggregated to ensure

that the predefined targets are met. Finally, the nonlinear intertemporal convex optimization problem is

solved using the Fmincon solver. This problem usually uses the interior point method to calculate the

global optimal result and applies the interior point method as a function in MATLAB, thus setting a large

feasible domain range for the variables so that the optimization is not affected by the feasible domain

boundary. This iterative algorithm will first determine the termination condition. If it does not satisfy

the termination condition, the value of the variable will change and it will proceed to the next iteration
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loop until the termination condition is satisfied to end the iteration. At the end of the entire iteration, a

check is performed using exitflag to ensure that the minimum result is obtained and recorded (in

MATLAB, exitflag = 1 indicates that the first-order optimal measure is less than the option, resulting

in the optimal result).

DATA

By 2017, there were 807 CFPPs operating with a total installed capacity of 841GW and average installed

capacity of individual units being 350 MW in China. Based on the criteria for CCUS retrofitting, there are

508 CFPPs which meet the retrofitting requirements, with 1317 coal-fired units and a total installed capacity

of 613 GW. The units were put into operation from 1995 to 2017, as shown in Figure S2. Regarding regional

distribution, these units meeting the conditions for CCUS retrofitting are distributed in 30 provinces, as

shown in Figure S3.

PARAMETER DEFINITION AND VALUE

Table S2 shows some of the parameters’ details which determined from existing literature, official organi-

zations and relevant institutions.

(1) The initial capture costs for first- and second-generation capture technology are calculated accord-

ing to the ADB.60 The former costs 330 CNY/t CO2 and the latter costs 450 CNY/t CO2.

(2) There are no million-ton CCUS demonstration projects in China at the moment, and therefore, the

first- and second-generation technologies’ initial capture scales are set as 1 Mt CO2/a.

(3) The initial carbon price is set about 56 CNY/t CO2 based on the study of Fan et al.,37 and the carbon

price drift rate is determined by the study conducted by Wang and Du.46

(4) The learning rate of the first-generation capture technology is set at 10%. For second-generation

capture technology, the learning rates for ‘‘learning-by-doing’’ and ‘‘learning-by-researching’’ are

set at 15 and 8%, respectively.

(5) The attenuation rate of the capture capacity for capture technologies are obtained from Fan et al.37
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