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[bookmark: _Toc237523368]S1. Financing and Risk Treatment in Existing Studies
[bookmark: OLE_LINK4]Table S1. Representative approaches to risk treatment for cost of capital in existing studies
	Study
	Finance risk adjustment
	Applied in energy system modeling
	Usage of cost of capital
 in model
	Case location

	IEA
(2025)1
	Implicit Risk Pricing
	√
(GECM)
	Identify discounted investment cost
	Global

	Iyer et al. (2015)2
	Implicit Risk Pricing
	√
(GCAM)
	Identify fixed changed rate for cost-based technology competition model 
	Global

	Egli et al. (2018)3
	Implicit Risk Pricing
	×
	×
	Germany

	Sweerts et al. (2019)4
	Multi Risk Factor
	√
(TIAM)
	Identify discounted investment cost
	Africa

	Dato et al. (2025)5
	Capital Asset Pricing
	×
	×
	Africa

	Calcaterra et al. (2024)6
	Multi Risk Factor
	√
(GCAM, IMACLIM, IMAGE, TIAM, WITCH)
	Identify discounted investment cost, LCOE, or fixed changed rate
	Global

	Hatton et al. (2025)7
	Multi Risk Factor
	×
	×
	176 countries

	Ondraczek et al. (2015)8
	Implicit Risk Pricing
	×
	×
	Global

	Ameli et al. (2021)9
	Capital Asset Pricing
	√
(TIAM)
	Identify discounted investment cost
	Non-OECD‌


Notes: Financial risk adjustment can be grouped into three broad approaches10, and their main differences and representative formulations are as follows. 
The fist method, Eq (1), do not explicitly compute a separate risk premium. Instead, financial risk is implicitly embedded in the cost of capital using project-level observed data directly. Hence, it is called Implicit Risk Pricing method in the present work.
WACC = L ∙ CD ∙ (1−Tax) + (1−L) ∙ CE							​(S1)
Where WACC is the weighted average cost of capital, L is the leverage ratio of company, CD and CE are the costs of debt and equity for company and Tax is the corporate tax rate.
The second method, Eqs (2~3), estimate the total risk premium as the sum of several risk factors, typically including country default risk, equity risk, and technology-specific risk. Hence, it is called Multi Risk Factor method in the present work.
CD = rrf + rlm + rcds + rtech								​(S2)
CE = rrf + rerp + rc + rtech									​(S3)
Where rrf is the risk-free rate, rlm is the debt lender’s margin, rcds is the country default spread, rtech is the technology premium, rerp is the equity risk premium, rc is the country risk premium.
The third method, Eqs (4~5), computes the risk premium for investing in the market portfolio of risky assets and adjusts it by β, which captures the asset’s exposure to systematic market risk. It is called Capital Asset Pricing Model. 
CE = rrf + β ∙ (ERP + CRP)								​(S4)
ERP = rm - rrf											​(S5)
Where rrf represents the risk-free rate, rm is the expected return on the market, β is the beta factor, the ERP is the equity risk premium while the CRP is the country risk premium. Beta measures the volatility of a security or portfolio compared to the market as a whole.


[bookmark: _Toc238417047][bookmark: _Toc219215872][bookmark: _Toc237523369] S2. Power plant projects development process
(1) [bookmark: _Toc219215873][bookmark: _Toc237523370]General workflow for power plant project development
Project Site Selection: This stage initiates the project preparation process and typically involves conducting research on local electricity prices, which forms the basis for later economic analysis. It also includes site surveys that assess land characteristics, sensitive areas, construction conditions, and resource availability. The successful completion of this stage is usually marked by the signing of a development framework agreement with the government (excluding offshore wind projects). The key participants in this phase are the government and the project developers. Projects that fail at this stage are typically deemed unviable for development and are either postponed or abandoned indefinitely.
Feasibility Study: This is a crucial phase that determines whether the project can proceed based on construction feasibility, technical solutions, and expected investment returns. The main tasks involve conducting pre-feasibility and feasibility studies, which provide a preliminary and detailed analysis of construction conditions, technical solutions, investment estimates, and economic forecasts. Additionally, specialized reports, such as environmental impact assessments, soil and water conservation plans, mineral resource evaluations, and forest land use feasibility studies, are prepared during this stage. These reports are critical for securing government approval for construction permits. The success of this phase is indicated by the approval of the feasibility study report by the project developer, relevant government authorities, or third-party review agencies. The main participants here are the project developers, who assess project feasibility and draft development plans, while the government evaluates and approves the feasibility study. Projects that do not pass this phase require further revisions until they meet the criteria.
Finance & Permitting: At this stage, project developers, investors, and government authorities collaborate to secure project financing, finalize project design, and review project documents, including financial plans and specialized reports. Government authorities and review agencies assess these documents, and successful projects are granted approval for construction. Depending on the scale and type of project, the approval may come from municipal, provincial, or national agencies, such as the National Development and Reform Commission (NDRC). The successful outcome of this phase is the issuance of a construction permit.
Construction: This stage is led by the project developer. After receiving the construction permit and completing the bidding process, the developer begins preparations for construction, including civil works, installation, electrical engineering, safety measures, and operational testing. The project is deemed successful once it completes operational testing and is connected to the grid.



1

Table S2. Investment decision sequence for power plant project developing in China
	Workflows
	PV
	CSP
	Onshore
	offshore
	Hydro
	Nuclear
	Bio wo ccs
	Coal wo ccs
	Gas wo ccs
	Bio w ccs
	Coal w ccs
	Gas w ccs
	Storage

	0. Project site selection

	1.1 Electricity prices survey
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	1.2 Project development evaluation
	
	
	
	
	√
	√
	
	
	
	√
	√
	√
	

	1.3 On-site survey
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	1.4 Project development program
	
	
	
	√
	√
	√
	
	
	
	
	
	
	

	1.5 Development agreement signing
	√
	√
	√
	
	√
	√
	√
	√
	√
	√
	√
	√
	√

	0. Feasibility study

	2.1 Developer selection
	
	
	
	√
	
	
	
	
	
	
	
	
	

	2.2 Resource measurement
	
	√
	
	√
	
	
	√
	
	
	√
	
	
	

	2.3 Pre-feasibility study
	
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	2.4 Project proposals and development permit
	
	√
	
	
	√
	√
	√
	√
	√
	√
	√
	√
	√

	2.5 Feasibility study
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	2.6 Prepare specialized reports
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	2.7 Approval of feasibility study
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	0. Finance and permit

	3.1 Secure funding
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	3.2 Approval of specialized reports
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	3.3 Project design
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	3.4 Project approval and construction permit
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	0. Construction

	4.1 Construction preparation
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	4.2 Civil engineering
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	4.3 Installation engineering
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	4.4 Electrical engineering
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	4.5 Security engineering
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	4.6 Operational commissioning
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√



(2) [bookmark: _Toc237523371][bookmark: _Toc219215874]Detailed characteristics analysis for different power generation technologies11, 12, 13, 14, 15, 16
Photovoltaic (PV): In China, PV projects currently follow a record-filing system, meaning that once a project meets national regulatory standards, it can proceed to construction. Due to the maturity of PV technology and its supply chain, the site selection and feasibility study phases are relatively short. Pre-feasibility studies are often skipped, and once specialized reports are approved, construction permits are promptly issued.
Onshore Wind: Onshore wind projects in China are developed under a permitting system, requiring developers to conduct site selection and feasibility studies based on the national wind resource development plan. Projects must undergo at least one year of on-site wind resource testing during the feasibility study phase. After government review and approval of the relevant reports, construction permits are issued. China's onshore wind development is currently transitioning to a record-filing system, which is expected to shorten development timelines and increase success rates compared to the traditional permitting system.
Concentrated Solar Power (CSP): CSP projects are developed under a permitting system and are mainly concentrated in provinces with abundant solar and land resources, such as Gansu and Inner Mongolia. CSP projects must conduct at least one year of solar resource testing during the feasibility study phase. After submitting a project proposal to the provincial development and reform commission and receiving approval, the project can proceed with detailed feasibility studies and development preparations.
Offshore Wind: Offshore wind projects follow a permitting system but have a more complex development process than other renewable energy projects. Site selection is initiated by the government, and developers are responsible for conducting field surveys, including assessments of construction conditions, fisheries resources, protected areas, maritime routes, and wind measurements. The government also organizes competitive bidding to select developers, and the company conducting the site selection may differ from the final project developer. Compensation is required for site selection investments, but once the site is selected, the success rate of the project is guaranteed. Offshore wind projects, like onshore wind, require at least one year of wind measurement during the feasibility study phase, with more stringent environmental and technical assessments, which extends the development timeline.
Large Hydropower: Large hydropower projects, defined as those with over 100 MW of installed capacity, require approval from the State Council. Development begins with water resource surveys and preliminary site selection based on the national hydropower plan issued by the NDRC. During the feasibility study phase, a pre-feasibility report must be approved by the NDRC, after which the project can proceed. Large hydropower projects require the preparation of 40-50 specialized reports, including environmental impact assessments, land acquisition and resettlement plans, and water resource evaluations. Due to the extensive documentation and significant upfront investment required, these projects have longer approval timelines and are typically financed by low-interest loans from national development banks.
Nuclear Power: Nuclear power projects are the most capital-intensive and time-consuming energy projects in China and require approval from the State Council. The site selection process can take several years, and project proposals are submitted to the NDRC for approval. Once approved, the project can proceed with detailed feasibility studies. This phase requires the preparation of 40~50 specialized reports, including environmental impact assessments, seismic and geotechnical surveys, and nuclear safety assessments. Due to their long development timelines and large capital requirements, nuclear projects are primarily funded by low-interest loans from national development banks.
Biomass without CCS: Biomass power projects follow a permitting system and require approval from municipal development and reform commissions. During the feasibility study phase, a project proposal is submitted based on a pre-feasibility study. Approval from municipal authorities is needed to proceed with development. The feasibility study must also assess the types and sources of biomass fuel to ensure a reliable supply chain.
Coal and Gas Power without CCS: Coal and gas power projects follow a similar development process to biomass projects but require approval from provincial development and reform commissions. These projects must align with national energy development plans, and the feasibility study includes detailed analyses of fuel transportation logistics, especially for coal and natural gas. Environmental impact assessments are stricter due to the nature of the fuels involved.
Thermal Power with CCS: The development process for thermal power plants with CCS is similar to that of biomass projects without CCS, but a more detailed economic analysis, CO2 capture technology evaluation, and carbon utilization strategy are required during the feasibility study phase.
Energy Storage: Energy storage projects, particularly those using electrochemical technologies, follow a permitting system similar to that of onshore wind projects. Once project proposals and feasibility studies are approved, construction can begin. Due to the modular nature of energy storage systems and the relatively small scale of civil works required, the construction period is typically shorter compared to other power projects.
[bookmark: _Toc219215875]
[bookmark: _Toc237523372]S3. Determination and classification of transition scenarios 
(1) [bookmark: _Toc219215876][bookmark: _Toc237523373]Determination of power transition scenarios:
The determination of investigated transition scenarios is the beginning of the downscaling method developed in the present study. The scenarios are determined by collecting transition pathways data from the AR6 Scenarios Database hosted by IIASA through a process facilitated by the Integrated Assessment Modelling Consortium (DOI: 10.5281/zenodo.58869 11 | url: data.ece.iiasa.ac.at/ar6/)17. We implement a rigorous data screening process, adhering to specific inclusion and exclusion criteria. Inclusion criteria necessitate that scenarios must be geographically focused on China and align with the climate goal of the Paris Agreement, spanning 2020 to 2050. Conversely, scenarios lacking explicit data on the future installed capacity of the selected thirteen technologies are excluded. The selection process results in 120 transition scenarios which form the basis for our downscaling estimation. Furthermore, we calculate both the annual addition and cumulative installed capacities of the power technologies based on equations presented in our previously work18. Subsequently, we determine the annually project developments list based on the multi-stage development model proposed in this study, in which the successfully commissioned plant meet the annual capacity addition requirement. Finally, we determine the overall capital need for China’s power transition through estimating capital expenditure for both successful and failed power plants within the development list.
(2) [bookmark: _Toc219215877][bookmark: _Toc237523374]Classification of power transition scenarios:
From the AR6 database, we select 120 transition scenarios and classify them into four groups, i.e., BAU, high solar and wind, high nuclear, and high CCS transition pathways. The selected BAU pathway is based on the CO_BAU scenario from the Prospective Outlook on Long-term Energy Systems (POLES) model. Among BAU scenarios in AR(6) database, we choose this pathway whose projected generation mix for 2020 and 2025 most closely matches China’s observed mix. This pathway serves as the BAU baseline for subsequent analyses in the present work. The remaining scenarios are grouped by their 2050 capacity ratios of different power generation technologies, with thresholds set at the 90th percentile across all China’s power transition scenarios in AR(6) database. Specifically, the high solar and wind pathways have the total capacity ratio of solar and wind energy exceeding 70% of the overall power sector capacity, which surpasses the 90th percentile. The capacity ratio thresholds for the high nuclear and high CCS pathways are 7% of the overall generation mix and 10% of the overall generation mix, respectively. 

[bookmark: _Toc237523375][bookmark: _Toc219215878]S4. Improve success rate to reduce transition capital need 
According to the result in the main text, the success rate at site-selection stage exerts the largest influence on the overall capital need of the power transition. To examine how the site-selection success rate affects the capital need across technologies, we conduct a sensitivity analysis of overall capital need during 2020~2050 with respect to variations in the site-selection success rate (Figure S1). We change the site-selection success rate for solar, wind, hydro, nuclear, and thermal power with CCS, and then quantify the resulting variations in overall capital need. For the high solar and wind pathways, a ±50% change in site-selection success rate for solar and wind projects alters overall capital need by only 0.1~0.2%. By contrast, for hydropower, a ±50% change in the site-selection success rate shifts the overall capital need by about 1% across all pathways. For nuclear, a ±50% change in the site-selection success rate modifies overall capital need by about 7%~10% in high nuclear pathways and by 3% in other pathways, underscoring the importance of improving early-stage success rates to accelerate nuclear deployment. For thermal power with CCS, such change in success rate yields about 12% variations in overall capital need in the high CCS pathways and 3% in other pathways. Overall, these results highlight the strategic value of raising site-selection success rates for high-risk and large-scale power project, like hydro, nuclear and thermal power with CCS. 
[image: /Users/caesarhu/Documents/NCC论文/20251220-修改图片/第一阶段成功率.tif第一阶段成功率]
Figure S1 Sensitive analysis of site selection success rate on transition capital need.


Table S3. Representative products and tools under China’s project-finance system19, 20, 21
	Category
	Primary target
	Main channel
	Best-fit stage

	Green credit
	Borrowers with identifiable projects
	Bank screening, tailored lending, risk pricing
	Late
Finance, and Construction 

	Green bonds
	bankable projects with stable cash flows
	Standardized issuance, disclosure, market funding
	Late
Construction, operation

	Green equity indexes
	Green firms
	Valuation effects, portfolio allocation
	Late
finance, construction, operation

	Green development funds
	Green projects
	Patient capital, public leverage, risk sharing
	Late
finance

	PPP-type arrangements
	Infrastructure projects with public participation
	Private capital mobilizing and risk sharing
	Early
pre-construction

	Green insurance
	environmental and operational risks
	Risk transfer, loss compensation
	Late
operation

	Carbon finance
	Carbon assets and environmental rights
	Pricing, trading, monetization
	Late
operation



[bookmark: _Toc237523376]S5. Identification and analysis of key parameters in the model
(1) [bookmark: _Toc219215879][bookmark: _Toc237523377]Data source and data collection method 
The parameters used for the project-level multi-stage power project development model mainly include the historical investment cost, historical capacity data, multi-stage development success rates, multi-stage timeline, multi-stage overnight cost, and financing cost. These parameters are determined using a combined data collection method with both literature insights and expert elicitation. The historical investment cost and capacity data are collected from reports, open database, and research articles, which are used to predict future cost variation for developing a power plant project. The sources for these literature-derived data are provided alongside the relevant tables listing corresponding values. The multi-stage development parameters are mainly collected through expert interview, which are used to simulate the dynamic development and finance processes of an individual power plant project. The detailed expert interview method is given below.
In this study, we conduct expert interviews to obtain non-public, project-level information from real-world power plant development in China, including the development workflow, multi-stage success rates, pre-construction investments, and timelines. In the present work, we send 42 interview invitations to power enterprises, research institutes, universities, and power projects in the power-generation sector; 32 interviews are completed with informed consent, of which 24 are ultimately assessed as valid. In total, more than 40 experts from 17 distinct organizations provide estimates based on their practice experience. The interviewed experts primarily work in power-project planning, investment, development, and cost estimation, and they provided credible data for this study. The acceptance of expert experience is based on the following three criteria: first, experts have participated in at least three power-project development engagements with at least one successful development; second, they provide clear experience-based estimates for the development workflow, multi-stage success rate, investments, and timelines; and third, their assessments are cross-validated against those of at least two other experts.
To ensure diversity and reliability, the interviewed experts come from different types of organizations, and the power projects they have developed located in 20 provinces of China across the Northeast, North, East, Central-South, Southwest, and Northwest regions. Two rounds of interviews are conducted, in which the first interview collect expert assessments on workflows, multi-stage stage success rates, investments, and development timelines; the second interview cross-validate the first interview results. Besides, in the two rounds of expert interviews, the authors use different sets of indicative interview questions (Tables S5 and S6) to guide the discussions and elicit precise expert judgments. We classify an interview as valid whenever at least one expert-provided judgment or datum is used in our analysis. Details on expert interview are listed in Table S7. 
Table S4. Indicative interview questions for the first interview.
	No.
	Indicative interview questions

	1. Background and experience

	1.1
	What are your organization’s primary business activities and principal regions of operation?

	1.2
	What are your department’s primary responsibilities?

	1.3
	Please introduce the projects you have developed, their locations, and the development outcome.

	2. Project development workflow

	2.1
	When developing power projects, do you use a defined development process?

	2.2
	Regarding the development workflow derived from public data, which parts is unreasonable?

	2.3
	For each stage of project development, what are the principal activities?

	2.4
	What milestone event indicates that a given stage has been successfully completed?

	2.5
	At each stage, which step is most prone to failure, and what are the typical causes of failure?

	3. Multi-stage development investment

	3.1
	For each development stage, How are stage-wise investments allocated across specific activities?

	3.2
	Are there formal calculation bases and regulatory caps for multi-stage investment

	3.3
	Using overnight construction cost as the benchmark, what percentage do other stages represent?

	3.4
	Regarding the multi-stage overnight cost derived from public data, which part is unreasonable?

	4. Multi-stage development timelines

	4.1
	How long does each development stage typically take?

	4.2
	What is the typical timeline of each stage?

	4.3
	Regarding the multi-stage development time derived from public data, which part is unreasonable?

	5. Multi-stage development success rate

	5.1
	what are the multi-stage project development success rates, from a statistical perspective?

	5.2
	Regarding the development success rate derived from public data, which part is unreasonable?

	5.3
	How do policies affect multi-stage development success rates?

	5.4
	If a development stage fails, how many retry attempts are allowed for that stage?


Note: specific questions changed based on the type of interviewees. The list contains only common questions.
Table S5. Indicative interview questions for the second interview.
	No.
	Indicative interview questions

	1. Data validation

	1.1
	Are the current development workflows reasonable? What adjustments would you recommend?

	1.2
	Are the current multi-stage overnight cost reasonable? What adjustments would you recommend?

	1.3
	Are the multi-stage development timelines reasonable? What adjustments would you recommend?

	1.4
	Are the current multi-stage success rates reasonable? What adjustments would you recommend?

	2. Supplemental questions

	2.1
	What are the funding sources for the pre-construction stage development?

	2.2
	What is the scope of publicly reported power generation cost data in China? Does it include pre-construction investment?

	2.3
	Over the past decade, have multi-stage development investment, timelines, and success rates changed materially?

	2.4
	How do you expect multi-stage investment, timelines, and success rate to change in the future?


Note: specific questions changed based on the type of interviewees. The list contains only common questions.



Table S6. Expert consultations used in the present work.
	No.
	Name
	Type
	Content
	Business Region
	Location & Time
(first interview)
	Location & Time (second interview)

	1
	China Railway Rolling Stock Corporation
	power enterprise
	wind
	Shandong, Guandong, Zhejiang, and etc.
	Xian (in-person interview), April 2023 
	/

	2
	Northwest Engineering Corporation Limited
	power enterprise 
	solar, wind, biomass
	Shaanxi, Shanxi and Ningxia
	Xian (in-person interview), April 2023 
	/

	3
	China National Nuclear Corporation
	power enterprise
	nuclear, solar, wind
	Zhejiang, Hubei, Liaoning, and etc.
	Huludao, November 2023
	/

	4
	Institute of Water Resources and Hydropower Research
	research institute
	hydropower
	Guizhou, Hubei, Sichuan, Yunnan, and etc.
	Beijing (in-person interview), August 2023
	Beijing (in-person interview), July 2024

	5
	Northeast Electric Power University
	college
	thermal power, storage
	Jilin, Inner Mongolia, Xinjiang, and etc.
	Dalian (in-person interview), June 2023
	Online interview, October 2024

	6
	Beifang Investigation, Design and Research Company Limited
	power enterprise
	hydropower
	Liaoning, Heilongjiang, Jilin, Guizhou, and etc.
	Tianjin (in-person interview), August 2023
	Tianjin (in-person interview), October 2024

	7
	China Electric Power Research Institute
	research institute
	biomass, solar, wind, storage
	Hebei, Shandong, Sichuan, Yunnan, and etc.
	Beijing (in-person interview), April 2023
	Beijing (in-person interview), December 2024

	8
	State Power Investment Corporation
	power enterprise
	thermal power, solar, storage
	Liaoning, Inner Mongolia, Jiangsu, and etc.
	Beijing (in-person interview), June 2023 
	Online interview, October 2025

	9
	China Datang Corporation
	power enterprise
	thermal power, solar, wind
	Shaanxi, Shanxi, Jiangsu, Sichuan, and etc. 
	Online interview, August 2023
	Online interview, October 2025

	10
	China Guangdong Nuclear Power Group
	power enterprise
	nuclear, solar, wind,, storage
	Liaoning and Guangdong
	Shenzhen, May 2023
	Online interview, August 2025

	11
	China Renewable Energy Engineering Institute
	research institute
	hydropower, storage
	Guizhou, Sichuan, Guangxi, and etc.
	/
	Beijing (in-person interview), July 2025

	12
	Xi'an Jiaotong University
	college
	thermal power, solar, storage
	Shaanxi, Shandong, and Ningxia
	/
	Rhodes, Greece (in-person interview), July 2024

	13
	Daya Bay Nuclear Power Plant
	power project
	nuclear
	Guangdong
	Shenzhen, May 2023
	/

	14
	Hongyanhe Nuclear Power Plant
	power project
	nuclear
	Liaoning
	Dalian (in-person interview), October 2023
	/

	15
	Jiangsu Binhai (Datang) Offshore Wind Farm
	power project
	offshore wind
	Jiangsu
	Yancheng (in-person interview), May 2024
	/

	16
	Hubei Wuhan Xinghuo Power Station
	power project
	biomass
	Hubei
	Wuhan (in-person interview), January 2024
	/

	17
	Beijing Energy Future City Gas and Thermal Power Station
	power project
	gas
	Beijing and Hebei
	Beijing (in-person interview), April 2023
	/



(2) [bookmark: _Toc219215880][bookmark: _Toc237523378]Success rates data by development stages
Multi-stage development success rates are key parameters to determine whether a power plant project is ultimately commissioned. Based on the expert interviews, experts show strong consensus that short-term policy volatility exerts a large influence on multi-stage success probabilities. Owing to the policy uncertainty, experts refrain from providing forward-looking estimates of success rates. Hence, we use the baseline of multi-stage success rate in the developed model (Table S8). These parameters adopt the historical average data elicited from experts based on the assumption of project development success rate remains the current level in the future.
Table S7. Success rates at different project development stages
	Unit: %
	Site selection
	Feasibility study
	Finance & Permit
	Construction

	PV
	20~25
	50~60
	70~80
	100

	CSP
	15~20
	40~50
	60~70
	100

	Onshore
	20~25
	50~60
	70~80
	100

	offshore
	15~20
	40~50
	60~70
	100

	Hydro
	5~10
	20~30
	40~50
	100

	Nuclear
	5~10
	20~30
	40~50
	100

	Bio wo ccs
	20~25
	50~60
	70~80
	100

	Coal wo ccs
	20~25
	50~60
	70~80
	100

	Gas wo ccs
	20~25
	50~60
	70~80
	100

	Bio w ccs
	10~15
	30~40
	50~60
	100

	Coal w ccs
	10~15
	30~40
	50~60
	100

	Gas w ccs
	10~15
	30~40
	50~60
	100

	Storage
	20~25
	50~60
	70~80
	100


Notes: The success rates are determined based on the expert interview method used in this study.

(3) [bookmark: _Toc219215881][bookmark: _Toc237523379]Timelines data by development stages
Multi-stage development timeline data are collected through two ways, expert interviews and open-source data (Table S9). For pre-construction stage (e.g. site selection, feasibility study, finance and permit), the development timelines across power generation technologies are summarized through expert interviews, while the construction timeline data are collected based on the open-source data22. 
Table S8. Multi-stage development timeline for China’s power project
	Unit: year
	Site selection
	Feasibility study
	Finance & Permit
	Construction

	PV
	0.2 ~ 0.4
	0.4 ~ 0.6
	0.4 ~ 0.6
	0.5 ~ 1.5

	CSP
	0.4 ~ 0.6
	1.0 + (0.6 ~ 0.8)
	0.6 ~ 0.8
	1.0 ~ 2.0

	Onshore
	0.2 ~ 0.4
	1.0 + (0.4 ~ 0.6)
	0.4 ~ 0.6
	0.5 ~ 1.5

	offshore
	0.4 ~ 0.6
	1.0 + (0.6 ~ 0.8)
	0.6 ~ 0.8
	1.0 ~ 2.0

	Hydro
	0.6 ~ 0.8
	1.0 ~ 2.0
	1.0 ~ 1.5
	2.0 ~ 4.0

	Nuclear
	0.8 ~ 1.2
	1.5 ~ 2.5
	1.0 ~ 1.5
	3.0 ~ 6.0

	Bio wo ccs
	0.4 ~ 0.6
	0.4 ~ 0.6
	0.4 ~ 0.6
	0.5 ~ 1.5

	Coal wo ccs
	0.4 ~ 0.6
	0.4 ~ 0.6
	0.4 ~ 0.6
	0.5 ~ 1.5

	Gas wo ccs
	0.4 ~ 0.6
	0.4 ~ 0.6
	0.4 ~ 0.6
	0.5 ~ 1.5

	Bio w ccs
	0.6 ~ 0.8
	0.5 ~ 1.0
	0.6 ~ 0.8
	1.0 ~ 2.0

	Coal w ccs
	0.6 ~ 0.8
	0.5 ~ 1.0
	0.6 ~ 0.8
	1.0 ~ 2.0

	Gas w ccs
	0.6 ~ 0.8
	0.5 ~ 1.0
	0.6 ~ 0.8
	1.0 ~ 2.0

	Storage
	0.2 ~ 0.4
	0.2 ~ 0.4
	0.2 ~ 0.4
	0.5 ~ 1.5


Notes: The construction time are determined based on the project-level construction time database22. Other parameters are determined based on the standardized expert interview method employed in this study.
For construction timeline across different generation technologies, we collect data based on the following steps. First, we collect power plant project information regarding project names, developers, capacities, and locations, sourced from the open-source database Global Energy Monitor22. Following this, we compiled the construction start dates and commercial operation dates for these projects, calculating the construction time as the difference between these two dates. This allowed us to develop the Chinese Power Project Construction Time Database, which includes data on different power generation technologies such as solar PV, CSP, onshore wind, offshore wind, hydro, nuclear, and thermal power without CCS (biomass, gas, and coal). The database provides information on project capacity, start date, commercial operation date, construction time, and the data sources for each project. The relationship between individual project capacities and construction times for different power technologies are illustrated in Figure S2.
The observed decrease in construction speed is mainly driven by the steady increase in unit capacity of power projects over time, which leads to a reduction in construction time per unit of installed capacity. However, when viewed at the project level, larger power plants still require longer overall construction periods than smaller ones. Additionally, due to the limited capacity of thermal power with CCS and stand-alone storage projects in China, detailed data on their construction timelines are not readily available, and these technologies are therefore excluded from the database. Based on expert consultations, we assume that thermal power with CCS projects take approximately 0.5 years longer to construct than thermal power without CCS projects, while the construction time for storage projects is assumed to be 0.5 ~ 1.5 years.
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Figure S2 Relation between project capacity and construction time for different power technologies. 
For pre-construction stage development timelines, we collect data through expert interviews. Based on the insights elicited from experts, although the average construction time for power project have fallen due to the increasing capacity of an individual project, the pre-construction timelines could be viewed as a near-optimal outcome jointly constrained by mandatory policy requirements. Base on above, the average development timelines across stages and technologies are presented in Figure S3, which can be cross-validated against power industry intelligence platforms and public government disclosures. 
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Figure S3 Multi-stage development timelines across power technologies based on expert experience, in the 1, 2, 3, and 4 in the y-axis represent the development time at site selection, feasibility study, finance and permit, and construction, the secondary number represent different development work as listed in Table S1.
(4) [bookmark: _Toc219215882][bookmark: _Toc237523380]Investment data by development stages
For the project-level power project development model, the multi-stage overnight development cost and cost of capital parameters are the model inputs to calculate the investment cost for developing a power plant, using Eq. (S6~S8). The cost of capital parameters (Table S10), such as cost of debt, return of equity, and debt-to-equity ratio, are determined based on the previously reported publications. The multi-stage overnight development costs are derived from the historical investment cost (Table S11). 
The definitions for these involved investment terminologies are given below. The investment cost, as defined by the Association for the Association for Advancement of Cost Engineering (AACE)23, 24, refers to the total capital expenditure incurred in the development of a project, including both the total overnight cost (TOC) and the financing cost across development stages. The multi-stage overnight development costs represent the capital need at specific development stage, excluding financing cost, such as interest payments on debt and the equity return. The financing cost are calculated by applying stage-specific cost of capital to the corresponding overnight cost over the development time.
 IC = C1·(1+ROE·t1)+ C2·(1+ROE·t2) + C3·(1+ROE·t3) + C4·(1+r·t4)                 (S6)
Ci = CRi·C4                                                     (S7)
r = ROE / (D2E+1) + COD·D2E / (D2E+1)                              (S8)
Where IC represents the investment cost of an individual power plant project ($/kW) and Ci denotes the overnight cost excluding the financing costs for different development stages ($/kW). The subscript i can be 1, 2, 3, or 4, corresponding to the site selection, feasibility study, finance & permit, and construction stages, respectively. Specifically, C4 represents the overnight construction cost (OCC). CRi is the cost ratio of the stage-specific overnight cost relative to overnight construction cost (%). ti indicates the time required for each development stage (year), r represents the weighted average cost of capital (WACC), ROE denotes the return on equity (%), COD represents the cost of debt (%), and D2E refers to the debt-to-equity ratio for project development (%).
To breakdown the investment cost into multi-stage overnight development cost, we first calculate the overnight development cost for these pre-construction stages based on national standard of engineering consulting fee25, using Eqs. (S9~S11). These pre-construction costs are determined as the percentage of the overnight construction cost (i.e., CR1~CR3) to remove the influence of project scale. Subsequently, we substitute the estimated CR1~CR3, historical investment cost, and cost of capital parameters into Eqs. (S6~S8) to derive the overnight construction cost (Tables S12). Finally, we use the resulting overnight construction cost together with CR1~CR3 to calculate the overnight development costs for pre-construction stages (Tables S13).
	  CR1 = CR2 · φ						 				(S9)
	CR2 = (CRprospecting + n·CRreport) · β 							(S10)
CR3 = CRdesign · a · β + CRfinance · rdebt							(S11)
where CR represents the overnight cost for stage-specific development as a percentage of the overnight construction cost (%), and the subscript 1, 2, and 3 refer to the development stages of site selection, feasibility study, and finance & permit, respectively. The overnight cost for site selection stage is taken as the percentage of that for feasibility study stage, and φ denotes the corresponding cost ratio. The overnight cost for feasibility study stage includes two parts, namely the cost for on-site prospecting activities CRprospecting (e.g., on-site wind and solar resource measurements, geotechnical exploration, and topographic survey) and cost for thematic reports CRreport (project development agreement, environmental impact report, and natural disaster assessment report). The overnight cost for finance and permit stage also includes two parts, namely the cost for project design CRdesign (e.g., site planning design, civil engineering design, and electrical design) and the cost for obtaining financing CRfinance (e.g., service charge, guarantee deposit, and other related expenditure for obtaining financing). Besides, β is the difficulty coefficient for project development (/), n refers to the number of reports required (/), α is the transfer ratio (/) with the value of (1+r·t3)/(1+ROE·t3), and rdebt is the debt ratio (%) of the project developer to modified the cost for obtaining financing by considering developer’s financial situation. In addition, we apply a cost noise parameter to capture cost uncertainty arising from project development diversity. Consequently, the overnight development costs for the pre-construction stages are reported as ranges. The calculation parameter for Eqs. (S9~S11) are determined based on expert interviews (Tables S14). To illustrate the calculation of multi-stage overnight development costs, we provide examples (Table S15) using the median calculation parameters to determine the stage-wise overnight cost for PV, CSP, onshore wind, and offshore wind in 2020.
Table S9. Capacity and cost of capital parameters for project development stages
	
	Capacity
(MW)
	Cost noise
(%)
	Return of equity (%)
	Debt-to-equity (/)
	Cost of debt (%)

	PV
	10~50~300
	± 20%
	10~12
	1.0~4.0
	4~5

	CSP
	50~100~200
	
	10~12
	
	4~5

	Onshore
	20~50~200
	
	10~12
	
	4~5

	offshore
	100~300~1000
	
	10~12
	
	4~5

	Hydro
	200~600~1200
	
	8~10
	
	3~4

	Nuclear
	650~1000~1400
	
	8~10
	
	3~4

	Bio wo ccs
	25~30~60
	
	10~12
	
	4~5

	Coal wo ccs
	300~600~1000
	
	10~12
	
	4~5

	Gas wo ccs
	50~250~800
	
	10~12
	
	4~5

	Bio w ccs
	25~30~60
	
	8~10
	
	3~4

	Coal w ccs
	300~600~1000
	
	8~10
	
	3~4

	Gas w ccs
	50~250~800
	
	8~10
	
	3~4

	Storage
	200~400~800
	
	10~12
	
	4~5


Notes: The capacity ranges for different power technologies are determined using data from the open-source project information database Global Energy Monitor (GEM)22, and other parameters are determined based on the previously reported publications26, 27, 28.
Table S10. Historical investment cost data of power technologies in China
	Unit: $/kW
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020

	PV
	3299
	2299
	2281
	1490
	1315 
	1365 
	1143 
	1046 
	824
	660
	578

	CSP
	5455
	6427
	4967
	3897
	3345
	4468
	4697
	4446
	3189
	3995
	2748

	Onshore
	1471
	1274
	1259
	1234
	1187
	1207
	1171
	1081
	1073
	1021
	1072

	Offshore
	3128
	2973
	2883
	2826
	2751
	2601
	2334
	2222
	2252
	2435
	2623

	Hydro
	718
	742
	804
	994
	848
	808
	938
	926
	970
	924
	898

	Nuclear
	2428
	2275
	2272
	2038
	1981
	2047
	2162
	2178
	2406
	3019
	2875

	Biomass
	1511
	1452
	1016
	1767
	1740
	1513
	1270
	1691
	988
	1291
	1467


Notes: The investment cost are collected from statistics reported by China Renewable Energy Engineering Institute (CREEI)29, the International Renewable Energy Agency (IRENA)30, the International Energy Agency (IEA)26, 27, 28, various research articles31, 32, 33, 34, and reports from other organizations34, 35, 36, 37, 38. Based on publicly available data from the IEA26, 27, 28 and the China Carbon Neutrality Technology Database (CNTD)38, the investment cost for storage, gas power, and coal power project development in 2020 are set at 674 $/kW, 621 $/kW, and 919 $/kW, respectively. Additionally, according to previously published studies31, 33, 39, 40, 41, 42, 43, the overnight construction cost for CCS project in 2020 is set at 252 M$/Mt CO2. The investment cost covers all investments during the pre-construction and construction stages of a successfully developed project. The overnight construction cost represents all investments incurred during the construction stage, excluding the financing cost (e.g., interest during construction period). 
Table S11. Historical overnight construction cost data of power technologies in China
	Unit: $/kW
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020

	PV
	3059 
	2132 
	2115 
	1382 
	1220 
	1266 
	1060 
	970 
	764 
	612 
	536 

	CSP
	4946 
	5828 
	4504 
	3533 
	3033 
	4051 
	4259 
	4031 
	2891 
	3622 
	2491 

	Onshore
	1362 
	1180 
	1166 
	1142 
	1099 
	1118 
	1085 
	1001 
	994 
	945 
	964 

	Offshore
	2805 
	2666 
	2586 
	2534 
	2468 
	2333 
	2093 
	1993 
	2020 
	2184 
	2315 

	Hydro
	594 
	614 
	665 
	823 
	701 
	668 
	776 
	767 
	803 
	765 
	743 

	Nuclear
	2011 
	1884 
	1882 
	1688 
	1641 
	1695 
	1791 
	1804 
	1993 
	2501 
	2298 

	Biomass wo ccs
	1386 
	1332 
	932 
	1621 
	1596 
	1388 
	1165 
	1551 
	907 
	1184 
	1345 

	Coal wo ccs
	846 
	846 
	846 
	846 
	846 
	846 
	846 
	846 
	846 
	846 
	846 

	Gas wo ccs
	570 
	570 
	570 
	570 
	570 
	570 
	570 
	570 
	570 
	570 
	570 

	Biomass w ccs
	1602
	1602
	1602
	1602
	1602
	1602
	1602
	1602
	1602
	1602
	1602

	Coal w ccs
	2107
	2107
	2107
	2107
	2107
	2107
	2107
	2107
	2107
	2107
	2107

	Gas w ccs
	1088
	1088
	1088
	1088
	1088
	1088
	1088
	1088
	1088
	1088
	1088

	Storage
	625 
	625 
	625 
	625 
	625 
	625 
	625 
	625 
	625 
	625 
	625 


Notes: The overnight cost (OCC) is calculated using the Eqs. (S6)~(11), based on the investment cost data listed in Table S11 and other parameters are the interval averages from Tables S9, S10 and S14.
Table S12. Multi-stage overnight cost during project development
	Unit: % of overnight construction cost
	Site selection
	Feasibility study
	Finance & Permit
	Construction

	PV
	0.2~0.4
	1.0~1.4
	2.2~4.8
	100

	CSP
	0.5~1.1
	1.4~2.0
	2.2~4.8
	100

	Onshore
	0.3~0.6
	1.3~1.9
	1.9~4.3
	100

	offshore
	0.7~1.6
	2.0~3.0
	2.2~4.8
	100

	Hydro
	1.3~2.9
	2.7~4.0
	2.1~4.7
	100

	Nuclear
	1.5~3.3
	3.1~4.6
	2.6~5.5
	100

	Bio wo ccs
	0.4~0.9
	1.6~2.4
	2.2~4.8
	100

	Coal wo ccs
	0.4~0.9
	1.6~2.4
	1.9~4.3
	100

	Gas wo ccs
	0.4~0.9
	1.6~2.4
	2.2~4.8
	100

	Bio w ccs
	1.1~3.0
	3.0~4.5
	2.5~5.3
	100

	Coal w ccs
	1.1~3.0
	3.0~4.5
	2.1~4.7
	100

	Gas w ccs
	1.1~3.0
	3.0~4.5
	2.1~4.7
	100

	Storage
	0.1~0.2
	0.7~1.1
	2.2~4.8
	100


Notes: The multi-stage overnight cost for site selection, feasibility study, and finance & permit are calculated using the Eqs. (S1)~(S6)25.
Table S13. Parameters used for multi-stage overnight cost estimations
	
	φ 
(%)
	β 
(/)
	n
(/)
	rdebt
(%)
	δ 
(%)
	Cprospecting
(%)
	Creport
(%)
	Cdesign
(%)
	Cfinance
(%)

	PV
	25
	0.8
	10
	60~80
	20
	0.5
	0.1
	2.5
	1~3

	CSP
	45
	1.0
	20
	
	
	0.5
	0.06
	2.0
	1~3

	Onshore
	25
	0.8
	15
	
	
	0.5
	0.1
	2.0
	1~3

	offshore
	45
	1.0
	25
	
	
	1.0
	0.06
	2.0
	1~3

	Hydro
	60
	1.2
	40
	
	
	1.6
	0.03
	1.6
	1~3

	Nuclear
	60
	1.6
	40
	
	
	1.6
	0.02
	1.6
	1~3

	Bio wo ccs
	30
	1.0
	15
	
	
	0.5
	0.1
	2.0
	1~3

	Coal wo ccs
	30
	1.0
	15
	
	
	0.5
	0.1
	1.6
	1~3

	Gas wo ccs
	30
	1.0
	15
	
	
	0.5
	0.1
	2.0
	1~3

	Bio w ccs
	45
	1.2
	25
	
	
	1.6
	0.06
	2.0
	1~3

	Coal w ccs
	45
	1.2
	25
	
	
	1.6
	0.06
	1.6
	1~3

	Gas w ccs
	45
	1.2
	25
	
	
	1.6
	0.06
	1.6
	1~3

	Storage
	10
	0.8
	10
	
	
	0.5
	0.06
	2.5
	1~3


Notes: The units of Cprospecting, Creport, Cdesign, and Cfinance are % of the overnight construction cost, which is determined based on both expert consultation and requirements from national standards25.
Table S14. Step-by-step cost estimation process for multi-stage overnight development costs
	
	ROE
%
	D2E
%
	COD
%
	r
%
	CR1
%
	CR2
%
	CR3
%
	IC
$/kW
	OCC
$/kW

	PV
	10.0
	2.5
	4.5
	6.1
	0.3
	1.2
	3
	578
	536

	CSP
	10.0
	2.5
	4.5
	6.1
	0.8
	1.6
	3
	2748
	2454

	Onshore
	10.0
	2.5
	4.5
	6.1
	0.4
	1.6
	3
	1041
	934

	Offshore
	10.0
	2.5
	4.5
	6.1
	1.2
	2.5
	3
	2581
	2275


Notes: In this table, ROE is the return on equity (%), D2E is the debt-to-equity (%), COD is the cost of debt (%), r is the discount rate (%), CR1~CR3 is the cost ratio of stage-specific overnight development cost to the overnight construction cost (%). IC and OCC are investment cost and overnight construction cost for power plant ($/kW).

(5) [bookmark: _Toc219215883][bookmark: _Toc237523381]Historical capacity data for future cost prediction
To predict the future overnight construction cost for various power generation technologies, we collect China’s historical capacity data to apply Wright’s Law model (Table S16). The data sources are clearly explained in the notes below the table. 
Table S15. Historical capacity data across power generation technologies in China
	Unit: GW
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020

	PV
	1.6
	3.1
	6.7
	17.7
	28.3
	43.5
	77.7
	130.8
	174.6
	204.2
	253.0

	CSP
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.2
	0.4
	0.5

	Onshore
	29.5
	46.1
	61.3
	76.3
	96.4
	130.5
	147
	161.6
	179.7
	203.2
	272.5

	Offshore
	0.1
	0.2
	0.3
	0.4
	0.4
	0.6
	1.5
	2.8
	4.588
	5.93
	8.99

	Hydro
	216.1
	233.0
	249.5
	280.4
	304.9
	319.5
	332.1
	344.1
	352.3
	358.0
	370.2

	Nuclear
	10.9
	12.6
	13.7
	17.1
	20.3
	28.6
	33.7
	37.0
	45.9
	48.8
	51.0

	Biomass
	3.4
	3.8
	4.6
	6.1
	6.6
	7.9
	9.3
	11.2
	13.2
	16.5
	21.9

	Gas
	26.4
	32.0
	37.7
	42.8
	57.0
	66.0
	70.1
	75.7
	83.8
	90.2
	94.0

	Coal
	646.6
	700.7
	754.9
	795.8
	841.0
	900.1
	946.2
	981.3
	1008
	1040
	1084

	Biomass w CCS
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.2

	Gas w CCS
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	1.0

	Coal w CCS
	0.8
	0.8
	0.8
	0.8
	0.8
	0.8
	1.1
	1.1
	1.1
	1.1
	2.3

	Storage
	0.0
	0.0
	0.0
	0.0
	0.1
	0.1
	0.2
	0.4
	1.1
	1.7
	3.3


Notes: The capacity data are collected from the electricity industry statistics reported by the National Energy Administration44, the database on renewable electricity capacity and generation from IRENA45 (https://www.irena.org/Statistics) and the database on nuclear power reactors from the International Atomic Energy Agency (IAEA)36. 

(6) [bookmark: _Toc219215884][bookmark: _Toc237523382]Project-level development and investment information
Using the simulated results of the project-level model with the EN_NPi2020_600 scenario from WITCH 5.0 as an illustrative case, we conduct statistical analysis for China on the project development failure stage, multi-stage investment requirements, and multi-stage development timelines (Figure S4). In Figures S4, the bubble color encodes the failure stage (or successful completion), bubble size denotes project capacity, and the vertical axis reports multi-stage investment requirements. 
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Figure S4 Relation between project development failure stage and multi-stage development timelines. 
Based on these project-level development details, Figure S5 presents how many development attempts are required for power transition during 2020~2050, and how many projects progress to the next development stage. For PV as example, the development attempts reach 112,806, yet only 25,406 projects advance from site selection to feasibility study, implying a 77% failure rate at the site-selection stage; and ultimately, 17,988 projects reach the construction stage and are successfully delivered. For high-risk nuclear projects, out of 1,216 development attempts, only 88 projects progress from site selection to feasibility study at a failure rate of 92%, and only 32 projects are ultimately delivered. Failures at the site-selection stage primarily arise because the technical and economic conditions do not meet developer’s requirements46, the project is screened out during developer’s internal planning and portfolio comparisons47, and developers fail to reach agreement with local governments on issues such as land use and on-grid tariffs48, 49. Due to the combined effects of voluntary abandonment and external constraints, success rates at site selection remain low. However, this is consistent with our expert interviews results and broadly aligned with values reported in the literature50. Hence, though pre-construction investment is a relatively modest portion of the investment cost, typically 3~7% for renewable power projects, 6~12% for CCS, 7~14% for nuclear, the aggregate stranded investment for failed project becomes non-trivial due to such low success rates, amounting to roughly 10~20% of overall capital need in China (Figure S6).
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Figure S5 Project development amount at different stage for various power technologies. 
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Figure S6 Capital needs distribution across various technologies and project development stages. 
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S6. Model validation
To validate the developed downscaling method and the multi-stage project development and investment models, we compared the model’s predictions with China’s historical annual investments on power generation sector from 2010 to 2023 (Figures S7 and S8). The historical investment data on power generation sector is annually reported in China’s Electric Power Industry Statistics by National Energy Administration44, which refers to the annual capital expenditure on these under-construction power projects from China’s key power enterprises. These historical investment data are consistent with the project-finance-based capital need for successful power projects derived from our multi-stage power plant development model. In contrast, these overnight-based estimations are derived as the product of annually commissioned capacity and corresponding investment cost, aligning with the existing macro models. 
Figure S6 compares the annual investment predicted by the project-level model developed in this study, the estimates based on the assumption of capacity commissioned overnight, and the historical data. The annual investment predicted by the project-level model shows a much closer alignment with the historical data compared to the overnight estimates. The relative error for the project-level total annual investment in the power generation sector is approximately 7%, while the error for the overnight-based estimates increases to 21%. The difference in accuracy between the two methods is more pronounced in the predictions for specific technologies. For annual investments in nuclear, wind, and hydro technologies, the relative error for overnight-based estimates reaches 50%, 30%, and 20%, respectively, while for project-level predictions, the errors are only 15%, 10%, and 8%.
Figure S7 compares the cumulative investment in the power generation sector between the project-finance-based and overnight-based methods, which leads to the same conclusion. These results not only validate the accuracy of the downscaling method and the multi-stage power project development model developed in this work, but also support the argument that the overnight development assumption for power plants can lead to misunderstandings regarding investment in the energy transition.
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Figure S7 Comparison of annual capital needs between the project-finance-based predictions, overnight-based estimations and historical data.
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Figure S8 Comparison of cumulative capital needs between the project-finance-based predictions, overnight-based estimations and historical data.	
[bookmark: _Toc219215886]

[bookmark: _Toc237523384]S7. Definitions and terminology
We provide definitions of the key terms used in this study to aid readability and interpretation.
“Project-level model” in this study is developed to mimic the real-world multi-stage development and investment process of power plant projects and to calculate the equivalent risk-adjusted WACC. The model comprises three components: a multi-stage development model, a multi-stage investment model and a project-finance model. Here, project-level describes the resolution of the simulated results. Accordingly, project-level estimates, forecasts and predictions refer to outputs generated by this model.
“Project-finance-based capital need” is defined as the total capital required for the clean power transition. This capital needs include investments on both failed and successful projects, which are modeled using the project-level development model (Figure S9).
“Investment cost” is defined as the capital directly required for a commissioned power plant, covering investment from the site selection through completion of construction. It includes the financing costs, e.g., equity return and interest incurred during the construction period. In the present work, the investment cost represents the power technology cost collected from the reported publications (Figure S10).
“Multi-stage overnight cost” refers to the capital required for project development at different stage, which excludes the financing costs. Specifically, “Overnight construction cost” refers to the capital required for construction stage excluding the financing cost such as interest (Figure S10).
[bookmark: _Toc232434379]“Multi-stage investment” refers to the capital required for project development at different stage, which includes the financing costs (Figure S10).
“Expected investment” refers to the averaged investment required to deliver one commissioned project while accounting for investments on unsuccessful developments.
“Capital Recovery Factor (CRF)” is the annuity factor that converts an upfront investment into an equivalent constant annual payment over an asset’s operating lifetime, given a specified discount rate.
“Capital mobilization” refers to the capital that must be committed and made available to initiate and advance power plant projects along a transition pathway.
“Lead time” refers to the interval between the initiation of project development and commercial operation for a project that is ultimately commissioned.
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Figure S9 The scopes and definitions of overnight-based and project-finance-based capital needs.
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Figure S10 The scopes and definitions of overnight cost and investment cost.
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