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Abstract

Decarbonizing the power sector is central to global climate mitigation, but the deployment of
low carbon technologies highly depends on their cost of capital. Existing estimates of the risk-
adjusted weighted average cost of capital (WACC) commonly base on country, market and
technology conditions without resolving how risks accumulated during project development result
in technology-specific financing premiums. Here we combine a multi-stage project development
model with expert elicitation to translate stage-specific failure rates and development durations into
equivalent risk-adjusted WACCs for 13 power generation technologies in China. We find that short-
cycle technologies, including solar photovoltaics and onshore wind, have lower risk-adjusted
WACCs of 6.2~6.6%. By contrast, the WACCs of large-scale high-risk technologies, including
nuclear and thermal generation with carbon capture and storage, could reach 7.0~9.6%. The early-
stage development success rate dominates such financing premiums. Applying the risk-adjusted
WACC to 120 power transition pathways in China, we find project developers provide more than
90% of pre-construction investment and bear most of the risk exposure to development failure.
These findings identify high-risk pre-construction capital as critical constraint for timely kicking-

off of low-carbon technologies.
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Main

By 2026, anthropogenic carbon emissions were nearing the upper limits of the Paris
Agreement’s 1.5°C carbon budget'. China, as the world’s largest CO, emitter, must take urgent
action to reduce emissions, particularly in the power sector, which accounts for around 40% of the
country’s total emissions® 3. Decarbonizing China’s power system necessitates a rapid expansion of
clean power generators as well as retirements of high-emitting fossil fuel power plants* >. Various
modeling tools and scenarios suggest that China must scale its solar and wind generation multiple
times to deliver a reliable and low-carbon power generation mix by 2060% 7. They also find that
achieving net-zero power generation needs complementary clean-firm power resources to provide
dispatchable emissions-free power during low solar and wind generation hours of the year® °. These
modeled pathways delineate the technological possibilities for power-sector decarbonization!?, but
their real-world implementation ultimately depends not only on construction and operating costs,
but also on the cost of capital'l 12,

The weighted average cost of capital (WACC) determines how upfront investment is converted
into annualized costs and can materially affect the overall cost of transition pathway'3. Previous
studies have documented substantial variation in WACC across countries, regions and technologies
(Table S1), reflecting differences in macroeconomic conditions, sovereign and policy risks, market
maturity, financing structures and access to low-cost debt'4. However, these estimates commonly
summarize observed market and technology conditions in an aggregate parameter, which thereby
provide limited insight into how technology-specific financing premiums arise'>.

One potential interpretation of these premiums is through the lens of capital discipline of
project development!®. In reality, project developers have to undertake a multi-year, structured
decision-making process to mitigate the potential risks for substantial future investments (also
known as capital discipline'®). For example, China’s power generation project development
typically involves four stages: site selection, feasibility study, financing and permitting, and
construction (Figure 1 and Table S2). Each stage demands capital and time to demonstrate that the
risks are manageable, benefits are acceptable, thus feasibility outcomes align with expectations for

related stakeholders (developers, government, and investors). Projects only commence operation



after all decision gates are successfully passed; otherwise, potentially abandoned, suspended, or
repeated until all these requirements are met.

Notably, project suspension and cancellation during the development process is not rare in real
world. Over 70%~90% of renewable power projects fail due to early-stage development risk!”- '3,
For example, nuclear power plant developments have been canceled in China after years of
feasibility study'®, and offshore wind projects were canceled in U.S. due to economic and regulatory
changes after significant pre-construction work?’. At the enterprise portfolio level, revenues from
successfully commissioned projects must be sufficient to recover investments incurred across both
successful projects and failed development attempts?!. Stage-specific success rates and development
durations may therefore increase the expected investment required to commission a project and
contribute to a technology-specific financing premium??. This premium can be expressed as an
equivalent risk-adjusted WACC, providing a potential connection between observable development
conditions and the financing costs used in system model and analysis.

Existing WACC calculations can approximate aggregated financing costs, yet they do not
capture several key features of capital mobilization, namely the timing of investment, the
accumulation of capital during development, and the extent of capital tied up in unsuccessful
projects?. It is also unclear how project-level financing premiums accumulate across transition
pathways with different technology portfolios®*. Hence, useful insights are missing to identify where
financing constraints arise and which interventions could reduce them for smoothing the power
transition.

To support an iterative dialogue between energy system modelers and project development
practitioners, this study strives to investigate how project-level capital discipline could shape the
risk-adjusted WACC across technologies and thereby impact the national-level transition capital. To
achieve this objective, we first develop a project-level model to mimic the real-world multi-stage
decision making process in power plant development (see Methods for details). This project-level
model determines an equivalent risk-adjusted WACC based on multi-stage project finance process,
and thereby identify where financing premiums arises. Upon this model, we downscale selected
IPCC’s AR6 power transition pathways?’ into annualized lists of newly started, commissioned, or
failed development attempts in China. We further conduct national-level transition feasibility
assessment based on project finance insights, which discloses: how long capital remains tied up,
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what share becomes stranded, and which stakeholders bear these risks along the prolonged power

transition process.

Risk Adjustment in WACC from Project Finance

Lower development success rates and longer development durations increase the equivalent
risk-adjusted WACC across the 13 power technologies examined (Figure 2). Using project-level
model and expert-elicited parameters, we convert the multi-stage investment into an equivalent risk-
adjusted WACC for power project development. The resulting estimates broadly overlap with
technology-specific WACC ranges reported in previous studies.

Our results show that, widely deployed technologies generally exhibit higher development
success rates and smaller financing premiums. Solar photovoltaics, onshore wind, energy storage
and thermal power without carbon capture and storage (CCS) have overall development success
rates of 20%~35% and development durations of 1~3 years. Their risk-adjusted WACCs range from
6.2% to 6.6%, corresponding to a risk premium of approximately 0.2%~0.6% above the baseline.
On contrast, large-scale and high-risk technologies exhibit higher financing premiums.
Concentrated solar power (CSP) and offshore wind have the overall development success rates of
10%~15% and mean development durations of 3.5~5 years. Their risk-adjusted WACCs reached
6.7~7.5%, approximately 1.0%~1.5% of risk adjustment. Hydropower, nuclear power and thermal
power with CCS show the highest risk-adjusted WACCs, ranging from 7.0% to 9.6%. Under an
assumed long-term debt cost of 3.5% in China, the baseline WACC for nuclear is approximately
5%, indicating that development risks add a further 2.0%~4.6% in cost of capital. 26 27- 28,29, 30, 31,32

Further sensitivity analysis shows that changes in stage-specific success rates produce larger
variations in risk-adjusted WACC than changes in development duration (Figure 3). For hydropower
and nuclear power, reducing the site-selection success rate from 10% to 5% would increase the risk-
adjusted WACCs by 2.1%~2.5%, and thereby result in an increasement in the investment cost by
12%. Conversely, increasing their site-selection success rate towards 30%, a level comparable to
that of mature and widely deployed technologies, would reduce their risk-adjusted WACCs by up

to 1.9% and lower the investment cost by 10%.

Capital Mobilization across Different Pathways

To examine how project development risks impact the economic feasibility of transition



pathways, we categorize the 120 modeled transition scenarios into four groups, namely Business as
Usual (BAU), high solar/wind, high nuclear, and high CCS pathways (Figure 4a). Pathways are
classified as “high” when the corresponding technology’s capacity share in 2050 exceeds the 90"
percentile threshold across all scenarios (SI section S3).

Our results show that, the transition capital needs clearly differ across pathway groups (Figure
4b). High solar/wind pathways (solar and wind capacity ratio larger than 70% in 2050) exhibit the
lowest overall capital need, 4.3~6.6 and 4.2~5.1 trillion USD for 1.5°C and 2°C scenarios,
respectively. These values are comparable to these of the BAU pathway. By contrast, high nuclear
and high CCS pathways show much larger deviations from overnight-based estimates. High nuclear
pathways require 6.1~7.3 and 6.7~7.4 trillion USD in overall capital need for 1.5°C and 2°C
scenarios, respectively; whereas high CCS pathways require 5.9~6.5 and 5.9~7.3 trillion USD for
1.5°C and 2°C scenarios, respectively.

Capital needs across the pathway groups are distributed unevenly among technologies and
development stages (Figure 4c). Solar and wind contribute substantially across all pathway groups,
and most of their investments are concentrated in the construction stage. Nuclear and hydro account
for some of the largest stage-specific capital need across pathway groups, especially in site selection
and construction. This pattern indicates that the development challenges for them lie not only in
large-scale investment need, but also in the need to commit substantial capital to lengthy and
uncertain development before the final investment decision. Thermal power with CCS shows a more
pathway-specific pattern. Its contribution is mainly concentrated in high CCS pathways, with
relatively larger shares arising during stages of feasibility study and finance and permit. It indicates
that CCS-related capital needs are shaped not only by high capital intensity, but also by repeated
technical, commercial, and permitting assessments before projects reach final investment decisions.
The contrast across technologies reveals that higher cost of capital premiums could adjust the overall
capital needs, whereas separating investment from technology and development stage further

identifies where financial exposure arises within a specific pathway.

Large-scale Project Development during the Coming Decade
The lead time of project development also affects the national-level transition feasibility. To

deliver the projected capacity on schedule, project development has to begin at least five years



before the modeled commissioning year ( Figure 5a). Since development of a power plant spans
several years or even decades under the real-world capital discipline, the project development model
provides a direct estimate of how much project capacity must enter the development pipeline in
advance for achieving the transition ambition. The annual capacity of newly initiated project
indicates that a large pipeline of power projects must be initiated during the coming decade to keep
China’s clean power transition on schedule ( Figure 5b).

For high solar/wind pathways, annual solar and wind project commencements exceed 100 GW
per year throughout 2020~2050. With annual solar and wind capacity additions exceeding 105 GW
over the past five years®’, China is relatively well-positioned to sustain such pace if current
momentum continues. Since China has committed 3600 GW solar and wind in its 2035 NDC3*, our
results indicate that an equivalent amount of solar and wind will need to be commenced by 2030 as
early-stage development activities. Yet, high solar/wind pathways also require timely expansion of
energy storage and other clean-firm flexibility sources®. If such flexibility lags, reliability
requirement of power system might reinforce a continued reliance on fossil fuel power3.

For high nuclear pathways, annual nuclear plant commencements must reach 16~22 GW per
year during 2020~2050. In the years following the Fukushima incident, China slowed down and
even temporarily halted the approval of new nuclear plant development®’. In China’s ongoing 15
Five-Year energy planning process, the government has, for the first time, outlined the orderly
advancement of nuclear power projects. Notably, in 2024 the State Council approved five new
nuclear power projects comprising 11 reactor units of 13 GW, a historical high record. However,
this still falls short of the annual capacity addition required for high nuclear pathway, underscoring
the substantial challenge for such pathway.

For high CCS pathways, under the 1.5°C scenario, large-scale CCS deployment via retrofitting
existing thermal plants is expected to reach 65 GW by 2025. Yet China’s current installed capacity
of thermal power with CCS is only 10 GW, with an additional 10 GW in commitments, far below
the anticipated development rates®®. For 2°C scenario, while the annual project development rate
appears feasible, the total investment of 6~8 trillion USD required from 2020 to 2050 presents
significant financial challenges. Moreover, these pathways require developing about 400~700 GW
non-CCS fossil fuel power plants during 2020 and 2035, harboring potential lock-in effect of fossil
fuel infrastructure®. Overall, the capacity development timeline of high nuclear and high CCS
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pathways seems relatively behind of the needed development rate.

High-risk Capital Allocation Could Hold Back Clean Power Transition

In terms of capital mobilization, it is important to acknowledge how financing risks are
distributed across stakeholders'>. We therefore further separate project-finance-based capital needs
between developers and investors, with particular attention to exposure to development failure
(Extended Data Fig.1 and Figure 6). It is found that across transition pathways, most construction-
stage capital is financed by investors, whereas developers bear a much larger share of pre-
construction investment and the associated failure risk (Figure 6a).

For high solar/wind pathways, the investor bears over half of the capital need, which are
directed to the construction stage. In contrast, 18%~25% of capital needs arise in pre-construction
stages, and are thus borne by developers. In high nuclear and high CCS pathways, such developer-
borne capital for pre-construction development rises further to 29%~34%. Such pre-construction
capital is more likely stranded at site selection where failure rates are highest, making developers’
financing burden substantially higher than that of investors (Figure 6b). The largest amount of
stranded capital occurs in the high nuclear pathways, averaging 1.9 and 1.7 trillion USD for the 2°C
and 1.5°C scenarios, respectively. The large stranded estimates partly reflect the assumption that all
site-selection investment is written off when a project is abandoned. In an alternative scenario,
nuclear and hydro projects that initially fail at site selection receive a second development attempt.
This additional attempt would increase the mean site-selection success rate from 7.5% to 14.4% and
thereby reduces stranded capital to 1.1 and 1.3 trillion USD under the 2 °C and 1.5 °C scenarios,
respectively.

Power projects typically have long development and payback periods, so capital committed to
unsuccessful projects remain tied up for years before recovery or write-off. Even if losses are
eventually recovered through successful projects, this capital must first be mobilized during early
development*’. Such funding commonly takes the form of scarce developer equity, which carries a
higher required return*'. Constrained corporate cash flows could therefore discourage developers
from initiating long-cycle projects with high early-stage failure risks*?. This dynamic would reduce
the attractiveness of clean-firm technologies, redirecting investment towards mature solar and wind

projects. Pathways retaining substantial clean-firm capacity therefore require targeted early-stage



financing and risk-sharing arrangements to initiate projects at the scale and pace assumed in

modelled pathways.

Enhancing Transition Feasibility through Targeted Investment

Early-stage development success emerges as a key lever to smooth the high-risk clean-firm
technology investment and thereby to enhance transition feasibility. Our sensitivity analysis proves
that site-selection success rate has strong impact on the overall capital needs of power transition
(Figure 7). Herein, a baseline scenario is defined in which all technologies retain their current site-
selection success rates. In alternative scenarios, new success rate thresholds are gradually increased
until 25%~30%, which is the observed upper range for mature technologies under established
market conditions?®. In each scenario, technologies with lower success rates are raised to a specified
threshold, while technologies already above it retain their own higher rates. It can be seen that as
success rates improve, capital needs decline across all pathway types, though the magnitude varies.
In high solar/wind pathways, raising success rates to 25~30% reduces capital needs by 8~13%. The
reductions are larger in high nuclear and high CCS pathways, reaching 20~22% and 13~14%,
respectively. Since these high-risk technologies characterized by long cycles, high uncertainty, and
costly repeated failures (Figure S1), making site-selection stranded capital a significant burden in
these pathways. Improving early-stage success rates for these technologies therefore offers a
meaningful pathway to reducing overall transition costs.

Our results suggest that the capital mobilization challenge is not only to lower the average cost
of capital, but also to strategically target the early-development risks within the project development
timeline. Many project financing tools (green credit, green bonds, development funds, insurances
among others listed in Table S3) are suitable for projects that have already become sufficiently de-
risked and bankable. The gap identified here calls for more financing tools specifically designed to
address early-development and developer-borne risk*. Among existing practices, the Green Climate
Fund’s Project Preparation Facility, for example, has already directly supported 116 projects by
funding feasibility studies, environmental studies, and risk assessments before projects become
bankable**. In the future, tools of this kind still need to be expanded in scale and diversified in form
to support a smoother clean power transition.

In addition, stronger front-end project preparation is also critical. Improving developers’ pre-



development capacity can reduce the number of failed projects, thus making better use of the scarce
early-stage capital*> 6. Meanwhile, public coordination also supports the development process by
simplifying procedures and shifting part of the initial screening and survey burden away from
developers. In Denmark, preliminary offshore-wind investigations are conducted and published
before tendering®’, while in Japan public bodies such as JOGMEC carry out initial site surveys and
provide the results to developers*. Similar approaches have also been adopted in China, including
competitive allocation arrangements that combine public coordination with developer

participation®.

Discussion & Conclusion

Our study has several limitations. First, our analysis is a one-way post-processing of IPCC
ARG6’s energy transition pathways?. It does not account for how project-level capital discipline may
in turn alter the cost-optimal energy transition pathway. Secondly, we use exogenous success rates
derived from survey data. We do not consider the endogenous interactions among development
success rates, policies, markets, and power system structure. Thirdly, our study focuses on supply
side and we do not include the grid infrastructure and the demand side. Addressing such issues in
future studies will further enhance understanding of project-level capital discipline in clean power
transition. It is also underlined that a naive integration of our analysis and modelling analysis could
be technology-specific risk-adjusted WACC ranges. Based on the project-finance-based estimates,
specific risk-adjusted WACC ranges are recommended, yet they should be dynamically adjusted as
well.

For policymakers, our results clearly indicate that reaching a net-zero power sector by 2050
requires accelerated capital mobilization and improved project bank-ability>’. Investment hesitation
is likely to remain pronounced if the early-stage financial risks of clean power project development
are solely borne by developers, particular for technologies with higher early-stage failure risk, like
CCS and nuclear power®'. Given the indispensable role of such technologies as sources of clean-
firm power in future generation mix, establishing a risk-sharing or insurance mechanism to protect
high-risk pre-construction capital becomes critical for timely kicking-off of such technologies.

From a global perspective, considering capital discipline would also shift the scale, speed, and

difficulty of overall capital needs for clean power transition. In regions where project financing costs



are already high, the effects of capital discipline will be even more pronounced. It is already evident
that renewable energy growth in global south has already fallen behind the global average> 33 due
to insufficient investment>* 3%, it is crucial to further analyze how project finance will bring
additional impact to the cost of capital for such regions. In summary, incorporating project-level
capital discipline provides penetrative lens to better navigate the scale, timing, and distribution of
capital required for clean power transition, therefore better informing targeted policy for

accelerating clean power transition '4 3¢,

Method

Modelling the Real-World Development Process of Power Plant Project

In this study, a project-level power project development model is proposed to replicate the real-
world decision-making sequence of power generation project development (Extended Data Fig.1).
This model includes three main parts: technology-specific power project development workflows,
stage-specific development success rates and time requirements, and stage-specific development
investments. The parameters used for this model are introduced in section S5 of SI file. This project-
level model strives to mimic the real-world power plant development process as follows:

(1) Project-level Development Process

We model China’s power project development process as a standardized four-step process
based on both literature insights and expert elicitation. We first synthesize official government
documents®’, policy guidelines®®, research reports!®: 38 39, 60, 61, 62,63, 64,65 14 gutline a generalized
development process applicable to all power technologies. Then structured interviews are conducted
to refine such development process. Finally, iterative expert consultations are performed to ensure
that the proposed process align with the engineering practices in China. For the present, more than
40 experts from 17 organizations provide estimates based on their practice experience (Table
S4~S6). More details on expert interview are provided in section S5 of SI file.

(2) Multi-Stage Development Model

To reflect the success rate and duration time of each development stage for specific power plant,
we developed a multi-stage development model based on the power plant project’s development
decision-making sequence. The model first generates a representative nameplate capacity, sampled
from the probability distribution of real-world clean power project database, Global Energy
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Monitor®. Next, the model simulates the multi-stage development process for power plant project.
At each decision gate between two adjacent stages, Bayesian probability is deployed to determine
whether the project will proceed to the next stage, or return to the previous stage, or terminated. If
the project passes through all decision gates, the power plant will be commissioned. If the project
fails at any decision gates during feasibility study or finance and permit stage, the development will
re-enter the same stage until the Bayesian probability exceeds the predefined threshold (Table S7).
Based on expert’s experience, if the project fails three times during feasibility study or finance and
permit, or fails once at site selection, the project development is terminated. Moreover, the model
simulates the time spent in each development stage according to the information gathered from
expert interviews (Table S8 and Figure S2~S3). The total time spent in that stage is the sum of
multiple development attempts.
(3) Multi-Stage Investment Model
A multi-stage investment model is developed to calculate the multi-stage capital need for power
plant project development. Two forecasting methods are used to estimate future overnight
construction cost for an individual power project, i.e., Wright’s Law (WL) model®”- % and First-
order Auto-regressive (AR(1)) model®®. Both models are widely used and empirically validated for
cost forecasts. The WL model, Eq. (1), is used for technologies such as solar and wind whose
historical cost has shown clear reductions as cumulative capacity increases. In contrast, the AR(1)
model, Eq. (2), is applied to hydro, nuclear, coal, gas, and biomass power projects, whose historical
cost has either increased or fluctuated over time.
InCi—InCy.1 = -00-( InX; —InXi.1 ) + ue + pue (1)
InCi=InCe1 + f-(u—InC1 ) + ¢ 2)
where C represents the overnight construction cost ($/kW); X is the cumulative installed capacity
(kW); o characterizes the rate at which costs decrease as a function of experience; £ is the rate of
mean reversion; u and ¢ are the noise variance which draw from normal distributions; p is an auto-
correlation parameter; and the subscript t and t-1 indicate the respective years.
In addition, the stage-specific financing cost and investment cost for an individual power plant
project is calculated based on cost of capital parameters, multi-stage development timelines, and

multi-stage overnight cost, Eq. (3). The parameters used for this model include investment cost,



overnight construction cost, return of equity, cost of debt, etc. The data collection method is
introduced in section S3 of SI file and the employed parameters are listed in Table S9~S15.

TIC = [Ci"(1+ROE"t)) + Co*(1+ROE"t;) + C3-(1+ROE"15) + C4*(1+rt4)] -Cap 3)
where TIC represents the total investment cost for developing an individual power plant ($); Ci~Cs
are overnight cost for multi-stage development ($/kW); #1~t4 are development time for different
stages (yr); ROE and r are return on equity (%) and weighted average cost of capital (%); and Cap

is the capacity of the power plant (kW).

Modelling the risk-adjusted WACC from project finance

We developed a project finance model to translate the multi-stage development risks into an
equivalent risk-adjusted WACC. The model comprised three steps. First, we estimated the expected
number of development attempts and the effective success probability at each stage. Second, we
calculated the expected investment required to deliver one commissioned project, including
investments on both successful and unsuccessful projects. Third, we converted this additional
expected investment into an equivalent risk-adjusted WACC using capital recovery factors.

(1) Stage-specific development success rates

For stage i, let p; denote the probability that one development attempt succeeds, and let N, max
denote the maximum number of permitted attempts. Assuming independent attempts within a stage,
gi is the probability of completing stage i within the permitted attempts, calculated by Eq. (4).

g'i=1—(1—p)Nimax C))
Let m; be the expected number of attempts at stage i. An attempt £ is made only when the

preceding k-1 attempts fail. Therefore, m; could be determined by Eq. (5).

Nimax - 1-(1- i)Ni,max 1
e 5

The probability that a candidate project reaches stage i is R;, calculated by Eq. (6).
Ry =TIz 1 - (A= p)™ ] (6)
The probability that it completes every stage is P, calculated by Eq. (7).

P=JL[1-(1—-p)™] (7

(2) Expected investment per commissioned project



We next estimated the investment required to deliver one successfully commissioned project
while accounting for investments on unsuccessful developments. Let C; be the investment required
for one attempt at stage i. For reference, /Cy is the direct investment in a commissioned project,
calculated by Eq. (8). It provides a no-failure investment benchmark used to isolate the financing

effect of development risk.

ICo =31 Ci ®)
Across a portfolio of candidate projects, the expected investment E[/C], required to deliver a
commissioned project is calculated by Eq. (9).
The investment required for a project that proceeds through all four development stages is
calculated by Eq. (9).
IC, = Z?:l Ci ©)
Where ICy is the total investment for a commissioned project, C; denotes the investment
committed at stage i.
Hence, the expected investment E[/C] required to deliver one successfully commissioned

project while also accounting for investments on failed developments is calculated by Eq. (10).

4 C:
E[IC] = 2= (10)

(3) Equivalent risk-adjusted WACC from project finance perspective

Finally, we translated the additional expected investment arising from development failure into
an equivalent risk-adjusted WACC. We assumed that investments on unsuccessful developments are
fully recovered through the operating revenues of successfully commissioned projects over an
operational lifetime of L years.

Let ro be the baseline WACC and r.q the equivalent risk-adjusted WACC. Define the capital
recovery factor (CRF) for discount rate  and lifetime L as Eq. (11). It converts a present investment

into an equal annual capital-recovery requirement over L years.

r(1+r)k
(1+7r)k-1

CRF(r,L) = 1n

We assume that the development losses embedded in E[/C] are recovered through the
operating revenues of commissioned projects. The equivalent rate r.q is therefore defined by

the break-even condition of Eq. (12)



ICy - CRF(ryq,L) = E[IC] - CRF (1, L) (12)
Finally, Eq. (13) solves the break-even condition to calculated the 7.4, an equivalent
financing metric representing the capital-recovery burden caused by both successful and

unsuccessful development, rather than an observed market WACC.

roq = CRF1 [% CRF (1o, 1), L] (13)

Downscaling National Transition Pathway to Project-level

In our study, we develop a downscaling method centered on the project-level multi-stage power
project development model, to downscale national-level clean power transition scenarios into power
plant development lists and national power transition capital mobilization schedules. Extended Data
Fig.2 illustrates the procedure for developing such downscaling method framework. This
downscaling method consists of three main steps: identifying the annual capacity requirements of
newly commissioned power projects to achieve the national-level clean power transition scenario;
determining the annually started project developments to meet this project commissioned target;
and estimating project-finance-based capital allocation schedules based on the annually started
project development list.

(1) Annually Commissioned Power Project

In the first step, this downscaling method back casts the deployments of power technologies
by tracing their projected future capacity back to the current state, thus determining the annual
capacity addition requirements of newly commissioned projects. In this study, the initial input comes
from 120 scenarios derived from IPCC’s scenarios?® (SI section S2). These scenarios include the
installed capacity data of various power technologies with 5-year time granularity. Considering the
lifetime of different types of power plants (e.g., PV and onshore wind plants with 25 years and
nuclear plant with 60 years), we calculate the annual requirements for newly commissioned capacity,
accounting for the retirement of aging plants.

(2) Annually Started Power Project

In the second step, we use the project-level multi-stage power project development model to
estimate when a new project development should start. First, we repeatedly simulate the
development process of individual power projects using this project-level model until the

cumulative capacity of successfully developed projects exceeds the annual commissioned



requirement. Second, based on the multi-stage development time and commissioned year of each
project, we determine the start year of different development stages for each project, and thus obtain
a project development list under the national-level power transition scenario. Finally, given that the
capacity, stage-specific success rate, and development time of each project randomly fluctuate
within a defined range, this step is repeated multiple times, and the average result is used to
determine the final annual project development list (Figure S4).

(3) Project-finance based Capital Needs of Power Transition

In the third step, we calculate the project-finance-based capital mobilization schedule for
achieving a clean power transition considering the multi-stage project development characteristics.
First, we use the WL and AR(1) models to predict the future overnight cost and investment cost for
stage-specific power plant development. Second, we calculate the annual project-finance-based
capital needs across power projects and development stages, based on the foregoing annual project
development list (Figures S5 and S6). Finally, considering the cost fluctuation noise and learning
rate for each project also vary within a certain range, the above steps are repeated multiple times,
and the average result is used to determine the capital mobilization schedule. To validate the
developed downscaling approach, we compare our forecasts with China’s historical annual capital
need in power sector (Extended Data Fig.3 and Figures S7~S10). The correspondence between

historical data and predictions indicates the robustness of this method.

Data availability

The power transition pathways data are available from the IPCC AR6 Scenarios Database,
hosted at https://data.ece.iiasa.ac.at/ar6/ (ref.?’). The source data for technology-specific power
project development workflows, stage-specific development success rates and time requirements,
and stage-specific development investments are provided in Methods and Supplementary

Information.

Code availability

The code of the developed model is developed using Windows-based MATLAB 2022b
software, through execution of the main file “project level CAPEX.m”. The code for the developed

model is available via Code Ocean. Software Origin 2022 is used to visualize the results.
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Figure 1 An illustrative decision-making sequence for real-world power plant project
development. The dot between two stages indicates a decision gate, the color indicates the
stakeholders (yellow representing the developer, green representing the investor, and orange
representing the government). FID indicates the final investment decision. Modified versions of
such investment decision sequence for different clean power plant projects are listed in
Supplementary Information Note S2.
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the overall capital needs across different stages of project development. (b) Stranded capital from
developer (hatched fill) and from investor (solid fill) across various transition pathways.
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Figure 7 Impact of site-selection success rate on China’s clean power transition capital need
across different pathways. For baseline scenario, all technologies retain their current site-selection
success rates; and for alternative scenario, technologies with lower success rates are raised to the

threshold, while other technologies retain their higher rates.
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Extended Data Fig. 1 | Schematic of the proposed multi-stage power plant project development

and capital investment model.
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Extended Data Fig. 2 | Schematic of the clean power transition pathway downscaling
framework. The framework starts from the model produced transition pathway, which contains
the annual installed capacity for different power generation technologies. The dotted curve box
shows the calculation method of the project-level multi-stage development model, which
simulates development time, success, and multi-stage capital requirements for each project.



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e 20260916SINE.docx


https://assets-eu.researchsquare.com/files/rs-11067354/v1/86484b1384ccf23b711a30d8.docx


    g ′  i = 1 −    ( 1 −   p  i )    N  i , max


    r ad =   C R F  − 1  [   𝑬  [ I C ]    I C 0 C R F (   r 0 , L ) , L ]


    m  i =   ∑  k = 1    N  i , max     ( 1 −   p  i )  k − 1 =   1 −    ( 1 −   p  i )    N  i , max    p  i =     g ′  i    p  i


    R  i =   ∏  j = 1  i − 1  [   1 −    ( 1 −   p  i )    m  i   ]


  P =   ∏  i  [   1 −    ( 1 −   p  i )    m  i   ]


    I C 0 =   ∑  i = 1 4    C  i


    I C 0 =   ∑  i = 1 4    C  i


  𝑬  [ I C ] =     ∑  i = 1 4    R  i   C  i  P


  C R F ( r , L ) =   r    ( 1 + r )  L     ( 1 + r )  L − 1


    I C 0 ⋅ C R F (   r ad , L ) = 𝑬  [ I C ] ⋅ C R F (   r 0 , L )

