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Abstract

Wind power is pivotal to global decarbonization, and China leads in both installed capacity and
recent expansion. Yet rapid capacity expansion has not translated into commensurate growth in
usable electricity. Here we reconstruct generation for 10,032 wind farms in China spanning
1989-2022 and find that over 20% of technically available generation is not utilized.
Decomposition reveals that while grid-connection delays and officially reported curtailment have
declined by ~70% in the past decade, a residual component - soft curtailment - has emerged. This
component represents unreported losses arising from system inflexibility and regulatory
distortions, such as rigid dispatch, strict curtailment targets, and premature reporting of grid
connection incentivized by feed-in tariff policies. Soft curtailment now dominates wind power
underperformance in China, offsetting technological improvements expected to raise capacity
factors by ~20%, leaving them largely unchanged overall. Absorbing the unrealized generation
through storage at multiple timescales and matching to flexible loads could enable China to reach
its 2060 wind generation target for carbon neutrality up to 13 years earlier and avoid over 20 Gt
CO: emissions cumulatively.
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Introduction

China’s wind power has expanded at an unprecedented pace, reaching a grid-connected capacity
of 640 GW by 2025, accounting for about 50% of the world total (/). Yet behind this impressive
scale lies a significant challenge: China’s reported average wind power capacity factor (CF, the
ratio of actual generation to potential generation at nameplate capacity) trails that of other
nations. Wind resource assessments suggest that China and the United States share similar
theoretical CFs (2). However, China’s wind generation did not surpass that of the United States
until 2016, when its installed capacity was approximately twice as large (3). Beyond national
averages, this mismatch of expectations and reality also holds at regional level. Inner Mongolia,
for example, hosts China’s largest wind installation and often projected to achieve CFs of 35-
60% (4-6), yet it recorded only 25.9% in 2023, well below Yunnan’s nation-leading 32.4% (7).
These contrasts highlight the significant gap between expected and realized (i.e., actually
dispatched) wind power generation in China.

Understanding this persistent gap is critical for advancing China’s carbon neutrality goals. Early
studies by Lu et al. (2) and Huenteler et al. (§) examined the pre-2013 period, attributing
underperformance to delayed grid connection, turbine quality issues, and high levels of
curtailment. Since then, however, China’s wind sector has undergone profound transformation.
Installed capacity has expanded more than fourfold with the deployment of advanced turbines
and offshore expansion, while reported curtailment rates have fallen sharply from 10.7% in 2013
to 2.7% in 2023 (7). Despite these advances, national wind CF has only increased from 23.7% to
25.4% during the same period (7). Moreover, generation plus reported curtailment, indicating
maximum achievable output, remained unchanged (26.5% in 2013 vs. 26.1% in 2023). This
stagnation does not align with pre-2013 expectations and the sector’s substantial progress over a
decade.

We hypothesize that this discrepancy partially reflects “soft curtailment”: unrealized wind
generation that could technically be produced but is not reported in official curtailment statistics.
Following the announcement of the Clean Energy Consumption Action Plan, which targeted a
5% curtailment rate (9), reporting practices may have become more conservative. Other
operational, institutional, and market aspects may also cause reported curtailment to diverge
from the broader physical definition of unused but available power. For example, generation
constrained by market bidding or interconnection agreements are excluded from official statistics
(10). Beyond potential biases in curtailment reporting, feed-in tariff deadlines have incentivized
rushed installations (/) and potentially premature reporting of grid connection, which can
distort assessments of actual operational capacity. These factors, together with the lack of
systematic post-2013 assessments, motivate a long-term analysis of China’s wind power
underperformance.

Here we provide one of the most comprehensive evaluations of China’s wind power
development to date. We assemble a dataset of 10,032 wind farms commissioned between 1989
and 2022, along with their exact locations, hub heights and turbine models. Using hourly
resolved simulations driven by multiple meteorological datasets, we estimate technically usable
wind generation after accounting for localized wind speed and air-density variation, turbine
performance degradation, and operational losses. We then compare these estimates with actual
generation at both national and provincial levels, decomposing the gap into grid-connection
delays, reported curtailment, and the remainder, defined as soft curtailment. Leveraging their
spatiotemporal distribution of these components, we further examine how provincial energy-mix,
economic and power-demand are associated with wind power underperformance. Lastly, we
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evaluate the potential for economically exploit unrealized but available wind generation through
storage at multiple timescales and service to emerging flexible loads, and assess the implications
for China’s carbon-neutrality pathways.

Results
China’s Wind Power Development from Lagging to Leading

China’s grid-connected wind power capacity grew from less than 1 GW when the Renewable
Energy Law took effect in 2006 to over 640 GW by 2025 (/). Early deployment was
concentrated in northern China, particularly Inner Mongolia (Fig. 1a). Nationwide feed-in tariffs
introduced in 2009 supported further expansion. During the 11% Five-Year Plan (2006-2010),
installed capacity increased more than 30-fold, and development subsequently began to spread
beyond the traditional northern bases.

Although the 12th Five-Year Plan continued to prioritize the “Three Norths” (North, Northwest,
and Northeast China), new installations increasingly expanded in central, southern, and coastal
provinces after 2015. Offshore wind deployment accelerated after 2016, exceeding 30 GW by
2022 and reaching 44 GW by 2025, led primarily by Jiangsu and Guangdong. Despite this spatial
diversification, northern regions still dominate cumulative installations (Fig. 1b), notably
coinciding with power systems dominated by coal-fired (including combined heat and power,
CHP) plants that may constrain wind power utilization.

In parallel with spatial expansion, turbine technology and domestic manufacturing capability
advanced substantially under sustained policy support. A domestic content requirement (>70%)
introduced in 2006 accelerated the development of local turbine manufacturing. By 2022,
Chinese manufacturers accounted for approximately 64% of the global wind turbine market (/2).

These industrial advances were accompanied by marked improvements in turbine design and
scale (Fig. 1c). The average hub height of newly installed onshore turbines increased from 58 m
in 2005 (below the US average of 76 m) to 111 m in 2022, surpassing the US average of 100 m
that same year. Average rotor diameter increased from 55 to 171 m, while per-turbine capacities
rose from 0.9 to 4.6 MW (Supplementary Table S1). In addition, turbine specific area (defined as
the ratio of rotor swept area to nameplate capacity, an inverse measure of specific power) largely
increased over time. This trend partially reversed after 2020, when increases in generator
capacity began to outpace rotor expansion, reflecting an industry-wide shift from maximizing
CFs toward minimizing costs (13, 14).

Importantly, these technological advances were achieved despite a gradual shift toward lower-
resource sites. Long-term mean 100-m wind speeds at newly commissioned wind farms declined
from 7.8 m/s for projects commissioned during 2001-2010 to 7.1 m/s during 2015-2022. Taller
turbines largely offset this decline, with hub-height wind speeds decreasing only marginally from
7.3 to 7.0 m/s (Supplementary Fig. S1). Overall, the technological improvements would still be
expected to improve wind energy capture. However, the performance lagged expectations.
Realized CFs showed little improvement, and wind generation remained lower than that in the
United States until 2016 despite surpassing it in installed capacity by 2011 (Supplementary Fig.
S2). We therefore examine how changes in wind resources and turbine technology translated into
theoretical and realized generation.
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Fig. 1 Evolving wind power deployment in China. a, Heat map of wind power plant density from
1989 to 2022, with offshore wind farms displayed separately on the far right. b, Changes in installed
capacity by province, showing only provinces with over 1 GW of capacity by the end of 2022. Yellow,
blue, and red bars represent installations from 1989-2010, 2011-2015, and 2016-2022, respectively. ¢
Evolution of wind turbine attributes across onshore and offshore wind farms. Each circle represents a
wind power plant, with size proportional to plant capacity. Red and blue lines indicate annual weighted
averages for attribute changes, with US values shown for comparison (diamond markers). Specific area is
defined within ¢.(IV). Right-hand bars depict attribute distribution for all installations up to 2022.

National Gaps Between Theoretical and Realized Wind Power Generation

To compare theoretical wind output to that realized in practice, we first define two metrics, both
rooted in official statistics. The first is installation CF, calculated using total installed capacity,
adjusted by calendar-based installation date correction (see Methods). The second is grid CF,
derived from reported utilization hours for grid-connected capacity. Their difference reflects
delays in grid connection (8). The theoretical CF (TCF) is estimated using turbine installation
data from 1989 to 2022 and high-resolution (3 km) meteorological data from the China
Meteorological Administration (CMA) (15). The estimation incorporates site-specific wind
speeds and air density over time, and accounts for first-year commissioning losses and age-
related turbine degradation to avoid overestimating generation (see Methods and Extended Data
Fig. 1 for details).

As Fig. 2a shows, the TCF increased from about 33% before 2010 to 42% after 2020, whereas
the grid CF rose only slightly, from 23% to 25%, over the same period. After wind curtailment
began to be officially reported in 2010, the sum of grid CF and reported curtailment exhibited no
corresponding increase for more than a decade. Thus, even after accounting for reported
curtailment, realized generation increasingly diverged from theoretical generation.
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We quantify this divergence using the overall reduction coefficient (ORC), defined as the ratio of
grid CF plus reported curtailment to TCF (Fig. 2b). ORC is used to translate theoretical potential
into technically usable generation by deducting aggregate losses (/6). With reported curtailment
accounted for in the numerator, and turbine degradation, commissioning loss, on-offshore farm
availability and resource variation incorporated into TCF, ORC would be expected to remain
relatively stable. This expectation is supported by the U.S. benchmark in Fig. 2b, where its ORC
remains nearly constant. However, China’s ORC declined persistently, implying growing losses
over time beyond those already accounted for. This pattern is robust across results derived from
CMA dataset, as well as from global reanalysis ones including MERRA?2 (/7) and ERAS (18).

To interpret this divergence, we regard a share of wind generation losses in China as inherent to
farm operation and remains stable over time, consistent with the U.S. benchmark. We estimate
this fixed-loss component from the average ORC during the reference period (see Methods).
After accounting for fixed losses, we define the remaining shortfall beyond reported curtailment
as inferred “soft curtailment”: unrealized generation that is technically achievable but not
recorded as official curtailment. Accordingly, the mismatch between technical and realized wind
generation - termed “generation gap” - is made up of three components: grid-connection delays,
reported curtailment, and soft curtailment. Notably, the rise of soft curtailment coincides with
declines in both grid-connection delays and reported curtailment, indicating a categorical
redistribution rather than a comparable reduction in overall generation gap (Figs. 2¢c and 2d).

Grid-connection delays declined as installed capacity expanded and the share awaiting
connection fell. Notable connection spikes occurred in 2015 and 2020 (Fig. 2e), when projects
risked reduced or cancelled feed-in tariffs (FiT) unless grid connection was reported before year-
end deadlines (key policies listed in Supplementary Table S2). By the end of 2020, 97% of
cumulative installed capacity had been reported as grid-connected. More than 47 GW were
reported as connected in December alone, accounting for 66% of annual additions (Fig. 2f). The
year-end surges contributed to the lowest connection delays in the subsequent year (2016 and
2021).

However, the generation gap remained elevated around these surges, suggesting that some
projects may have been reported as grid-connected to secure subsidies before becoming fully
operational (/9). Generation during 2015-2016 and 2020-2021 fell short of expectations,
resulting in higher soft curtailment (Fig. 2c). As these projects gradually became fully functional
over the following years, soft curtailment declined correspondingly (notably in 2017 and 2022).
This pattern is robust to alternative assumptions regarding losses and degradation rates
(Supplementary Fig. S3). Provincial records in which cumulative grid-connected capacity
exceeded installed capacity in 2020 provide further evidence of reporting inconsistencies
(Supplementary Table S3). Although data disruptions during the COVID-19 period may explain
part of the discrepancy, the results are consistent with premature reporting of grid-connection.

Reported curtailment exceeded 15% in 2012 and 2016, prompting the launch of the Clean
Energy Consumption Action Plan in 2018, targeting a curtailment rate below 5% (9). Since then,
reported curtailment has remained near 3-4%. This decline, however, coincided with an increase
in inferred soft curtailment. Under policy pressure, curtailment reporting may have become more
conservative, shifting some unrealized generation outside official statistics.

Other operational and market mechanisms further contribute to soft curtailment. For example,
penalties for wind power forecast errors and high ancillary-service cost allocation can incentivize
operators to underreport available generation. Wind generation bore 44% of China's ancillary-
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service costs in 2024 - double the share of coal and triple that of solar (20) - potentially
encouraging more conservative day-ahead forecasts and market bids. Meanwhile, medium- and
long-term contracts for coal-fired generation continue to dominant China’s power markets.
Renewable power, as a marginal source in the short-term market, may face very low or negative
prices that discourage full utilization (27). Importantly, output reductions arising from market
bidding (/0), or occurring in regions where wind utilization already exceeds 95% (9), are
excluded from official curtailment.

The absolute magnitude of soft curtailment may not be estimated precisely, as it is inferred from
multiple interacting contributors that cannot yet be isolated. Nevertheless, the persistent decline
in ORC (Fig. 2b) provides robust evidence of growing losses that have progressively offset
technological improvements and limited corresponding gains in wind generation.
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Fig. 2 The increasing gap between theoretical and realized wind power generation in
China. a, National wind power capacity factors (CFs) from 2006 to 2022. Legend to the right illustrates
the relation between different CF terms. b, The overall reduction coefficient (ORC), calculated using
meteorological inputs from the China Meteorological Administration (CMA), MERRA2, and ERAS. The
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national generation gap expressed in CF (c¢) and in electricity (d). e, Annual wind power installed and
grid-connected capacity additions. f, Monthly grid-connected wind capacity additions for 2018-2022, with
insets showing the share of cumulatively installed capacity that had been grid-connected by the end of
each year and the ratio of annual grid-connected capacity added in December.

Regional Heterogeneity of China’s Wind Power Underperformance

To examine regional differences in wind power underperformance, we aggregate farm-level
theoretical generation to the provincial level and compare it with realized generation. As shown
in Figs. 3a-c, theoretical estimates are highly sensitive to meteorological inputs. Relative to
results based on high-resolution data from the China’s 3km data (CMA), widely used global
reanalysis datasets (MERRA2 and ERAS) substantially underestimate wind potential in southern,
central, and southwestern China, by roughly 40-80%. This north-south spatial bias in theoretical
assessments can influence regional planning priorities and distort performance comparisons.

Among all provinces, Fujian in southeast China has the highest theoretical CF, at 51%. Its
(realized) grid CF of 31% is second only to Yunnan in the southwest (32%, Fig. 3d). In contrast,
most northern provinces do not achieve comparably high CFs. Notably, Inner Mongolia, the
country’s largest wind power base, has a relatively modest CF despite its favorable wind
resources. Much of its installed capacity consists of smaller turbines with low hub heights, which
limit wind energy capture (provincial comparisons in Supplementary Table S4).

Provincial ORCs during 2011-2020 also reveal substantial variation in operational losses (Fig.
3e). It is important to note that ORCs are lower in coastal provinces. Leading offshore wind
regions, such as Fujian, Jiangsu, and Guangdong, exhibit ORCs in the range of 0.5-0.6, below
the national average of approximately 0.7 and other reported values across China
(Supplementary Text and Table S5). This pattern implies relatively high losses associated with
offshore wind deployment compared with typical onshore projects. Consistently, independent
analyses have shown that wake-related losses in offshore wind farms can be considerably higher
than typical levels (22).

We group provinces into three categories according to their ORC trajectories: (A) robust decline,
(B) no significant change, and (C) high volatility (Fig. 3f; see Methods and provincial ORC
trajectories in supplementary Fig.S4). As in the national analysis, declining ORCs indicate
increasing operational losses and inferred soft curtailment. All three categories show ORC
declines around 2015 and 2020, when FiT policy promoted rushed installation and grid
connection. These trends are consistent with the premature grid-connection reporting discussed.

Aggregating provincial generation gaps reveals distinct regional patterns (Fig. 3g-h; detailed in
Extended Data Fig. 2). North and Northwest China have higher levels of both reported and soft
curtailment, whereas southern provinces have larger grid-connection delays, consistent with their
higher shares of recent installations. Northeast and Southwest China have the smallest generation
gap. Electricity shortages and earlier power market reforms may have supported wind utilization
in the Northeast, while abundant hydropower may provide greater operational flexibility in the
Southwest. By contrast, Central China has particularly high inferred soft curtailment, driven
primarily by the sustained ORC decline in Henan (Supplementary Fig. S4). Despite zero reported
curtailment, Henan’s grid CF fell from above 26.3% in 2011 to approximately 17.5% in 2020.
The inferred soft curtailment (~6.3% CF) may extend beyond technically available but unused
generation, it signals substantial operational and utilization challenges that merit examination.
Given the uncertainty and inconsistencies in provincial statistics, these estimates should be
interpreted primarily as indicators of relative spatial patterns rather than precise magnitudes.
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Fig. 3 Regional wind power capacity factors (CFs) and generation gaps in China. a-c,
Provincial theoretical wind CFs averaged over 2018-2020, estimated using meteorological data from the
China Meteorological Administration (CMA, a), and global reanalysis datasets MERRA2 (b) and ERAS
(¢). d, Provincial grid CFs averaged over 2018-2020. e, Provincial ranges of annual overall reduction
coefficients (ORCs) during 2011-2020. Provinces with year-end grid-connected capacity below 500 MW
are excluded to avoid small-sample extremes. Provinces are grouped into three categories based on their
ORC temporal trajectories: (A) robust decline (OLS slope <0 and P < 0.1), (B) no significant trend
(relative ORC variability below that of the national ORC), and (C) high volatility (relative ORC
variability exceeding that of national ORC). f, Province-aggregated arithmetic mean ORC time series for
the three trajectory categories. g-h, Regional generation gap, weighted by provincial realized generation,
expressed as CF (g) and electricity generation (h). Provinces with year-end grid-connected capacity in the
bottom quartile (~ 500 MW) are excluded to avoid small-sample extremes for CF, ORC and generation
gap analysis.

Factors Shaping China’s Wind Power Generation Gaps

To explore the factors associated with the generation gap documented above, we further analyze
their correlations with provincial power-system characteristics. We first consider energy-mix
rigidity, which constrains generation flexibility and intensifies competition among types of
variable renewables; and second, we examine network and institutional rigidity, which creates
connection bottlenecks and reinforcing curtailments.
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Energy mix factors show different associations with reported and soft curtailment (Fig. 4a). The
scale and pace of wind deployment are the most relevant. Partial correlations (see Methods)
reveal that wind capacity is more strongly correlated with reported curtailment (r = +0.57) than
with soft curtailment (r = +0.27). Conversely, annual wind additions are more strongly correlated
with soft curtailment (r = +0.37) than with reported curtailment (r = +0.19). This distinction
suggests that reported curtailment is more closely associated with the size of the existing wind
fleet, whereas soft curtailment is more closely associated with recent expansion, which also
reflects the FiT-driven mechanism described above.

Beyond wind deployment itself, provinces with both high CHP and high solar capacities carry
the deepest reported and soft curtailment (Figs. 4a and 4b). Two compounding mechanisms may
contribute to this pattern. First, in heating seasons, CHP plants must operate to meet district
heating demand. This requirement creates a rigid thermal and power output that cannot be
adjusted when wind and solar generation saturate the grid. Consistent with this constraint, Fig. 4c
shows CHP-intensive provinces accumulating larger curtailment losses. Second, the wind-solar
competition is evident in the correlations between solar capacity and wind curtailment (r_curt =
+0.21, r_soft = +0.36; Fig. 4a). Solar capacity expanded 82-fold against a 4-fold increase in wind
between 2011 and 2018 (Fig. 4d), and annual solar additions exceeded those of wind from 2016
to 2019 (Fig. 4e). As solar capacity approached levels comparable to wind around 2017-2018,
increasing solar generation reduced the dispatch margin available to wind. Correspondingly, the
correlation between solar generation and wind curtailment strengthened over time, reaching
approximately +0.6 in 2018-2020 (p < 0.01, Fig. 4f). Reported and soft curtailment show similar
patterns, although the strength of their associations differs (details in Supplementary Fig. S5).

In contrast to CHP and solar power, hydropower capacity correlated negatively with curtailment
(r curt=-0.17, r_soft =-0.20; Fig. 4a). Hydro-rich provinces also tend to have relatively low
CHP heat supply, so the curtailment patterns associated with these two characteristics overlap
(Figs. 4c and 4g). Seasonal complementarity between wind and hydropower may further support
wind utilization. For example, in Yunnan, which has China’s second-largest hydropower
generation and highest wind CF, hydropower peaks during summer while wind output is
strongest in winter and spring, providing natural seasonal balancing (Fig. 4h).

Network and institutional rigidity further constrain transmission flexibility. In many cases, as
connection delays decline, curtailment tends to increase (Fig. 41). Both transmission
infrastructure at 220 kV+ and electricity exports are associated with smaller grid-connection
delays but greater curtailment. It suggests that improved grid connection and transmission does
not necessarily coincide with fuller utilization of wind generation. One possible explanation is
the coupling between thermal power generation and transmission development (r = 0.56, Fig. 4j).
This coupling is reinforced by institutional rules that tie renewable exports to thermal generation.
The “wind-solar-coal bundled dispatch” mandate requires renewable exports to be paired with
thermal generation (23), while medium- and long-term contracts further reinforce these
arrangements by locking in large shares of coal-fired generation (24-26). A driver of this rigidity
is that grid companies were obligated to uphold fixed annual operating-hours contracts with coal
generators but were not required to compensate renewable producers for curtailment (27). These
arrangements limit the scope for wind generation to displace contracted thermal output.

Demand-side conditions are also associated with regional differences in curtailment (Fig. 41).
Provinces with electricity shortages generally exhibit lower curtailment, as greater local demand
absorbs more wind generation. Similarly, provinces with a larger economic share of secondary
industry (Chinese parlance for non-agricultural and non-service sectors, including
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manufacturing) tend to show less curtailment. This association may reflect the relatively stable
electricity demand and potential flexibility of industrial loads can help accommodate wind
generation.
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Fig. 4 Provincial associations and patterns of wind power generation gaps in China. a,
Partial correlations (with year fixed effects, FE) linking predictors to reported and soft curtailment; all

K

Notyet.connected capacity (GW)

capacities refer to grid-connected installations. b, Province-level scatter of CHP heat supply against solar

capacity (both arcsinh-transformed), with bubble size indicating wind capacity and color indicating
weighted average wind curtailment (sum of reported and soft curtailment).c, Divergence in total wind

curtailment between high- and low-CHP provinces. d, Cumulative wind and solar capacity between 2011-

2020. e, Annual wind and solar capacity additions. f, Annual cross-sectional correlation coefficients ()
between solar generation and total wind curtailment; shaded ribbon indicates the 95% bootstrap
confidence interval for the curtailment series. g, Divergence in total wind curtailment between
hydropower-rich and hydropower-limited provinces. h, Monthly hydropower and wind generation in
Yunnan province in 2020. i, Partial correlations linking predictors to grid-connection delay and wind
curtailment. j, Scatter plots showing the association between thermal generation capacity and the length
of high-voltage transmission lines (220 kV+), with not-yet-grid-connected wind capacity indicated by
color.

Cost-effective Pathways to Unlock Unrealized Wind Generation

The generation gaps identified above represent an opportunity to increase wind electricity supply

without installing additional turbines. These gaps amount to approximately 26.5% of realized
wind generation on average during 2018-2022 (Fig.2c, d). Fully recovering this generation
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would therefore provide the same electricity as an additional 26.5% of wind capacity operating at
the current utilization level. We define this additional capacity as “equivalent capacity”.

To access the implications for future wind deployment, we consider projected capacity
trajectories under China’s energy and climate goals. By the end of 2025, installed wind and solar
capacities had exceeded 640 GW and 1,200 GW, respectively. China aims to increase combined
wind and solar capacity to six times its 2020 level by 2035, corresponding to more than 3,600
GW in total. Based on this target, wind capacity is projected to reach approximately 1,250-1,690
GW by 2035 and further expand to 2,500-3,800 GW by 2060 under carbon-neutrality pathways
(28). Under this assumed trajectory, full recovering the estimated generation gap could deliver
the wind electricity associated with the specified 2060 capacity scenario as early as 2047,
approximately 13 years earlier (expressed as equivalent capacity, Fig. 5a). Even partial recovery
could accelerate this timeline, with 20-23% utilization yielding a five-year advance and 42-47%
a ten-year advance (Fig. 5b).

To evaluate how much of this potential can be realized economically, we first construct hourly
(8,760-h) profiles of unrealized wind power by matching provincial electricity demand with
wind generation (see Methods). Their temporal patterns vary across regions (Extended Data Fig.
3a), affecting the suitability and cost of different utilization pathways. We evaluate two broad
pathways. The first is direct off-grid utilization, in which unrealized wind generation is
converted into energy carriers such as hydrogen or ammonia. The second is flexibility-based
utilization, in which excess generation is stored and later returned to the energy system through
short- and long-duration storage (e.g., batteries, fuel cells and co-firing hydrogen or ammonia in
thermal plants).

Under the assessed conditions, short-duration battery storage is generally not cost-competitive
with coal-based electricity. Provincial coal-based electricity prices range from 0.26 to 0.45
CNY/kWh and average ~0.36 CNY/kWh (29), whereas battery-based utilization costs are
substantially higher (Fig. 5c). This is because the intermittent and dispersed nature of unrealized
wind generation results in low battery duty-cycle. Even if only 10% of unrealized wind
generation is utilized, batteries operate for only ~900 h annually, with costs rising sharply at
higher utilization shares, exceeding 10.0 CNY/kWh. In contrast, long-duration storage pathways,
such as power-to-hydrogen-to-power (P2H2P) systems, achieve lower costs despite round-trip
efficiency losses. In those locations where low-cost geological hydrogen storage is available,
P2H2P costs can fall below 0.3 CNY/kWh (Extended Data Fig. 3b), enabling economically
viable utilization at scale and supporting a potential about 13-year acceleration of the 2060 wind
target (Fig. 5d).

Direct use of unrealized wind generation to produce industrial energy carriers or feedstocks may
offer greater economic benefits. Green hydrogen and ammonia production can become cost-
competitive as early as 2025-2030. Hydrogen production costs (2-6 CNY/kg) are significantly
below those of coal-based hydrogen, which can be translated into economic incentives for wind
power, promoting off-grid utilization. Although both green hydrogen production and long-
duration storage enable similar 2060 target-advancement timelines (~2047, Fig. 5d), the earlier
economic viability of the former leads to substantially greater cumulative emissions reductions
(Extended Data Fig. 3¢). Under cost-effective deployment (compared to average coal-based
hydrogen cost), the cumulative CO2 reductions from utilizing unrealized wind generation can
reach the equivalent of China’s total emissions in 2020 by around 2045 (Fig. Se). Given
projected annual emissions of 3-7 GT COz/year over 2026-2060 (30), the cumulative reductions
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Fig. 5 Pathways and costs of utilizing unrealized wind generation in China. a, Projected
wind power capacity under low, average, and high scenarios, with shaded areas indicating the
equivalent capacity enabled by utilizing 100% of the generation gaps. b, Relationship between
utilization of generation gaps and the resulting temporal advances in achieving the generation
implied by the 2060 capacity target, in years. ¢, Levelized cost of electricity and chemical
products for different pathways of utilization of wind generation gaps, including battery storage
of electricity, production of green hydrogen and green ammonia for industrial use, and power-to-
X-to-power options (fuel cells, co-fired hydrogen in gas plants or co-fired ammonia in coal
plants); costs are benchmarked against costs of coal-based electricity and chemical products. d,
Advance of the 2060 wind capacity target (average scenario) enabled by different pathways at
utilization levels where costs remain below coal-based benchmarks. e, Cumulative CO2
emissions reductions from utilizing unrealized wind generation across pathways at utilization
levels where costs below average coal-based costs, benchmarked against China’s 2020
emissions; average wind power capacity projection scenario.
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Discussion and Policy Implications
Uneven Gaps Between Theoretical and Actual Wind Generation

Accurate resource assessment is fundamental to effective renewable energy planning, yet our
findings reveal a persistent and spatially uneven gap between theoretical and realized wind
generation that cannot be explained by meteorological uncertainty alone.

Existing national assessments commonly rely on global reanalysis datasets (37) together with
generalized turbine specifications (32) and uniform loss assumptions (33). As shown in our
results, coarse meteorological inputs can underestimate wind resources by 40-80% in southern
China, while loss factors differ substantially across regions.

Future assessments should therefore combine higher-resolution meteorological datasets with
empirically calibrated reference generation or correction factors. Historical observations should
be updated as fleet composition and operating conditions change to refine wind generation
projections. Distinguishing resource potential from technically usable and realized generation
would help translate capacity targets into more realistic electricity supply projections.

Institutional Incentives Behind Generation Reporting

Administrative interventions have been effective in reducing officially reported curtailment.
Following the introduction of the 5% curtailment cap in 2018 (9), reported curtailment fell from
12% in 2017 to an average of 3.5% during 2019-2023. This decline coincided with rising
inferred soft curtailment, suggesting that changes in reporting may have contributed to the
apparent improvements. After the threshold was relaxed to 10% in 2024, reported curtailment
exceeded 5% again in 2025 amid continued rapid capacity expansion (34). These observations
alone do not establish the effect of the policy change. Nevertheless, the combined grid CF and
reported curtailment remained below its 2011-2013 level during 2024-2025, suggesting that the
underperformance issue identified in our analysis have persisted.

The link between curtailment targets and project approvals offers one possible explanation for
conservative reporting. China’s renewable deployment targets are translated into provincial
development plans and renewable portfolio standards. Provinces exceeding curtailment warning
thresholds face restrictions on approvals for new renewable projects. Consequently, eligibility
for continued capacity expansion depends on maintaining curtailment below regulatory
thresholds, potentially creating incentives for conservative curtailment reporting.

Moreover, contractual and compensation arrangements may reinforce these incentives. Coal-
fired generation is largely secured through medium- and long-term contracts, whereas curtailed
wind and solar generation does not necessarily receive compensation. Although guaranteed
renewable purchase was introduced in 2006 and strengthened in 2024 (35, 36), guaranteed
purchase hours (GPHs, equivalent full-load hours that grid companies are required to purchase)
represent only a minimum procurement obligation. By 2025, wind GPHs have declined to only
400 hours in some provinces (37), leaving generation beyond this minimum exposed to market
risks. Excluding market-induced generation reductions from official curtailment statistics further
limits the visibility of these losses.

A prerequisite for addressing these issues is greater transparency in renewable generation and
curtailment reporting. Public disclosure of plant-level realized generation, together with
standardized reporting of curtailment by cause (e.g., grid constraints, market participation,
maintenance, and commissioning), would substantially improve the identification of utilization
problems and provide a clearer basis for policy interventions.
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Flexible Wind Power Utilization Beyond Subsidies

Our pathway analysis suggests that the economic value of unrealized wind generation depends
on how and when it is used. Improving renewable utilization requires coordinated changes in
demand, system operation, and market design. A practical near-term strategy is to shift from
reactive curtailment management toward proactive demand-side utilization. Flexible electricity
consumers located close to renewable resources, including hydrogen electrolyzers, data centers,
and electric vehicle charging infrastructure, can absorb surplus generation locally and reduce
pressure on transmission and system balancing. Compared with system-wide reforms in dispatch
and grid expansion, such decentralized approaches offer a more flexible and market-oriented
pathway to improve wind utilization.

Looking forward, future research should examine how coupling electricity and carbon markets
can better value renewable generation, and how emerging flexibility options, such as power-to-
X-to-power systems, can improve the integration of renewable and thermal generation. As
renewable penetration continues to rise, realizing the full value of installed renewable capacity
may become as important as expanding capacity itself for achieving carbon neutrality.
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Methods
Wind Farm Information

We compiled a database of 10,032 onshore and offshore wind farms installed across China from
1989 to 2022. For each farm the database records farm name, geographic coordinates,
installation year, administrative location (province and county), installed capacity, turbine model,
turbine rotor diameter, hub height, per-turbine rated capacity, and an onshore-offshore
classification. These attributes enable site-specific estimation of theoretical wind generation by
matching each farm to local meteorological conditions and manufacturer-provided power curves.

The database covers China’s cumulative installed wind capacity as of 2022, as reported by the
Chinese Wind Energy Association (38). It records project-level installed capacity following
turbine erection and commissioning inspection. Quality control included cross-referencing
individual project records and aggregated capacities against multiple national and industry
datasets(39-42), together with manually verifying turbine coordinates against Google Earth
satellite imagery (see Supplementary Methods S1 for details). Provincial statistics on turbine
attributes are provided in Supplementary Table S4.

Theoretical Wind Power Generation with Multiple Meteorological Datasets

Theoretical wind power generation was estimated using three meteorological datasets with
different spatial resolutions: the China Meteorological Administration (CMA) dataset (~3 km)
(15), ERAS (~25 km) (/8), and MERRA-2 (~50 km) (/7). The CMA dataset, developed by the
National Climate Center of the CMA, was used as the default meteorological input throughout
the analysis. The global reanalysis products ERAS and MERRA-2 were included for sensitivity
analysis and cross-dataset comparison.

For the CMA dataset, wind fields were available at 10-200 m above ground level at 10 m
intervals, and hub-height wind speeds and air density were obtained by vertical interpolation.
ERAS wind speeds were derived from its 137 atmospheric model levels by first converting
model pressure levels to geometric heights and then applying the same interpolation procedure.
For MERRA-2, hub-height wind speeds were estimated from the 10 m and 50 m wind fields
using the power-law wind profile (43). The power-law approach was adopted because
comparison against the multi-level interpolation results showed smaller estimation errors than
the logarithmic wind profile. Further details of the meteorological datasets and data processing
procedures are provided in Supplementary Method S2.

Theoretical wind power generation was estimated through multiple steps (see Extended Data
Fig.1 for differences in estimated generation). Hub-height wind speeds were first translated into
power output using manufacturer-provided power curves. The resulting generation was
subsequently adjusted for air density, turbine aging degradation, first-year commissioning losses,
and additional offshore operational losses. These wind-farm-specific adjustments account for
systematic differences in environmental conditions and operational characteristics across
national fleets. By explicitly resolving these heterogeneous losses, the remaining losses can be
approximated by fixed-loss factors in the subsequent estimation of technically achievable
generation.

Manufacturer-provided power curves were assigned hierarchically. For turbines with an
identified model, the corresponding power curve was used directly. For turbines without an
identified model but sharing the same rated capacity and rotor diameter as a known model, the
average power curve of the matching turbines was assigned. For the remaining turbines, the
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power curve of the known turbine type with the closest specific power (rated power divided by
rotor swept area) was adopted. Following this procedure, all turbines were assigned to one of 115
representative turbine types, whose manufacturer-derived power curves (provided in the
Supplementary Data) were extracted from more than 900 available turbine models.
Manufacturer-provided power curves were prioritized because power-curve selection
substantially affects generation estimates. Generic power curves derived from specific power
(44) and power curves inferred from operational generation (45), which inherently include
operational losses, can underestimate generation.

To account for air density different from the standard air density we used the method given in
Millstein et al. (44) that adjusts hourly wind speed (V}, ;) by an air-density correction factor in
equation (1).

1
3

Pn,t
Vh,t,air = Vh,t ' (,D ) (€Y)
0

where V¢ qir 18 the air density adjusted wind speed, py, ; is the hourly air density (kg/m3) taken
from meteorological datasets, and p,, is the reference air density (1.225 kg/m3) used in
developing power curves.

Based on the air-density-corrected hub-height wind speed, theoretical turbine output (Pr ;) and
capacity factor (CF;) was calculated using the assigned power curve and wind-farm-specific loss
adjustments:

PT,t = f(Vh,t,air) (1- Lfirst) (11— Ldeg) (1- Loff) @)
8760
70 P,
CFp = 2=t Pre 3)
8760 - Cap;ys

where f(-)denotes the power curve assigned to the wind farm; the three loss terms Ly;ygt, Lgeg,
and L,z represent first-year commissioning loss, age-related turbine degradation, and additional
offshore loss, respectively; Cap;,s is the installed capacity of the wind farm. Provincial and
national capacity factors were calculated by summing theoretical generation across wind farms
and dividing by the corresponding total installed capacity, equivalent to an installed-capacity-
weighted average of individual wind-farm capacity factors.

First-year commissioning loss is considered because wind farms generally exhibit lower
utilization during their first year of operation because of commissioning, testing, and operational
ramp-up (/6). Analysis of multi-year operating records from more than 900 wind farms showed
that first-year output was approximately 8% lower than the average output during years 2-5 (46).
We therefore applied an 8% commissioning loss in the installation year, with Lf;-:=0 in
subsequent years. As an alternative treatment, the commissioning loss was distributed over the
first 12 months of operation according to the number of operating months falling within each
calendar year (see the following section for the commissioning-date adjustment). Thus, projects
commissioned partway through a year received a proportional share of the loss in the first
calendar year, with the remainder applied in the following year. This treatment changed
nationally aggregated annual generation estimates by less than 0.2%; we therefore retained the
simpler formulation in Eq. (2). Sensitivity tests using first-year losses of 4%, 6%, 10%, and 12%
are reported in Supplementary Fig. S3.

Age-related turbine degradation was represented by a linear annual degradation rate. Based on
the long-term average performance declines of 0.85% (46), 1.08%, and 1.52% (47) per year

16



554
555
556

557
558
559
560
561
562
563
564
565
566

567

568
569
570
571
572
573

574
575
576

577
578

579

580
581

582
583
584
585

586

587

588

589
590
591
592

reported in three independent studies, a default degradation rate of 1.1% yr was adopted.
Sensitivity analyses were further conducted using degradation rates of 0.5%, 0.9%, 1.3%, and
1.7%/yr (Supplementary Fig. S3).

Offshore wind farms were assigned an additional loss factor to account for operational
characteristics that are not fully represented by the onshore fleet. Compared with onshore
projects, offshore wind farms generally experience lower availability (approximately 1.5%) (16)
and average wake losses approximately 5 percentage points higher than typical value (22).
Accordingly, an additional offshore loss of 6.5% was applied to all offshore wind farms. This
correction was introduced when identifying the lower ORCs in coastal provinces (Fig. 3e ; the
correction was not applied there to preserve the original differences). Quantitative evidence on
offshore-specific losses remains limited. All the corrections were applied to reduce systematic
overestimation of theoretical generation in national-scale assessments but remains a limitation
when evaluating individual wind farms.

Capacity Factor Metrics and Generation Gap Assessment

Capacity factor (CF) is defined as the ratio of electricity generated over a given period to the
electricity that would have been generated if the installed capacity had operated continuously at
its rated power over the same period. The CF metrics used in this study (summarized in Fig. 2a)
are, in descending order: theoretical CF, technically usable CF, grid CF, installation CF, and
apparent CF. The calculation of these metrics was based on official annual statistics published by
the National Energy Administration (4/) and the China Electric Power Yearbook (42).

The theoretical CF (CFr) represents the CF estimated from meteorological conditions and
turbine characteristics. It was calculated from manufacturer power curves using hub-height wind
speed after accounting for additional losses in past section.

The technically usable CF (CFy) represents the technically achievable CF after accounting for
fixed operational losses from theoretical CF:

CFy =CFr-(1— Lfixed) 4)
where Lg;y.q represents the remaining operational losses after the wind-farm-specific corrections
described above. Its estimation is detailed in the following generation gap assessment.

The grid CF (CF;;) was calculated as annual grid-connected electricity generation (Gg,4) divided
by the time-adjusted grid-connected capacity (Cap,q; gria)- The time-adjusted capacity was
obtained by applying a time-adjustment ratio (7. ) derived from the reported full-load hours
(FHR) following Huenteler et al. (8), thereby accounting for partial-year operation.

Ggria FHR

CF; = = 5
¢ 78760 Capaajgria 8760 ®)
G i
Capadj,grid = #ﬂ}? = Capgrid,y—l + Acapgrid,y *Ttime (6)
G
. _ #ﬂg - Capgrid,y—l (7)
time — Acapgrid,y

where Capgyia -1 and ACapg,q,, are the grid-connected capacity at the end of the previous year
plus the newly connected capacity in the current year. For a small number of province-year

records, inconsistencies among the reported official statistics resulted in estimated r,;,,,, values
outside the physically meaningful range of 0-1, implying negative operating time or operation
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exceeding one calendar year for newly connected capacity. In these cases, it was constrained to
the physically feasible range of 0-1.

The installation CF (CF;) was calculated using the same annual generation but referenced to the
time-adjusted installed capacity (Cap,q;ims)- The time-adjusted installed capacity was calculated
as the installed capacity at the end of the previous year (Cap;,s,-,) plus the newly installed

capacity (ACap;,s,) in the current year weighted by its fraction of available time within the year.

G
grid (8)

CF,=——92¢
178760 - Capaqj ins

Capadj,ins = Capins,y—l + ACapins,y " Ttime (C)]

where r;,,, was calculated as the fraction of the calendar year remaining after installation. For
projects lacking commissioning dates and reporting only the installation year, the r;,,, estimated
from Eq. (7) was adopted as an approximation. This approximation assumes that grid-connection
delays are approximately uniformly distributed across projects, such that the temporal
distribution of grid-connected capacity remains similar to that of installed capacity at large scale.

The apparent CF (CF,) was calculated directly from reported annual generation and year-end
installed capacity (Cap;,,) without commissioning-date adjustment:
G rid

Chy = 8760?Capms (10)
The generation gap was defined as the difference between the technically usable CF and the
installation CF. It was decomposed into three components: reported curtailment, soft curtailment,
and grid-connection delay. Reported curtailment was obtained directly from the official statistics
published by the National Energy Administration (4/) and the National Renewable Energy
Consumption Monitoring and Early Warning Center. Grid-connection delay was quantified as
the difference between the installation and grid CF, following Huenteler et al. (8), as the two
metrics are identical in the absence of grid-connection delay.

Soft curtailment was inferred as the residual between the technically usable CF and the realized
grid CF after removing officially reported curtailment. It represents technically available
generation that was not utilized but is not reflected in the officially reported curtailment
statistics. The fixed-loss factor, used to estimate technically usable CF, was inferred from the
overall reduction coefficient (ORC), defined as the ratio of grid CF plus reported curtailment to
theoretical CF, termed the overall reduction coefficient (ORC). The underlying assumption is
that years with the highest ORCs represent periods with negligible soft curtailment.

For the national analysis, the fixed-loss factor was estimated from the average ORC during 2011-
2013. This resulted in a default fixed operational loss of 27% for the CMA dataset. This period
was selected because (i) cumulative installed capacity exceeded 50 GW, reducing fluctuations
associated with the early deployment stage; (i1) ORCs derived from the same meteorological
dataset remained consistent between China and the United States (Fig. 2b, MERRA-2), before
subsequently diverging as China’s ORC declined; and (iii) ORCs estimated for 2007, 2008 and
2010 yielded comparable loss factors, supporting the robustness of the estimate. Sensitivity
analyses using fixed-loss factors from 10% to 40% are presented in Supplementary Fig. S3.
Although the absolute magnitude of soft curtailment varies with the assumed loss factor, its long-
term increasing trend remains robust.
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Provincial ORCs exhibited substantially larger variability than the national average (Fig. 3e,f),
and many provinces did not show a monotonic decline. Instead of adopting a common national
value, province-specific fixed-loss factors were estimated from the average of the three highest
ORGC:s after excluding statistical outliers. Only 2011-2020 was considered because earlier
provincial statistics were incomplete and installed capacities were too small, while complete
provincial wind-power statistics were no longer published by the National Energy
Administration after 2020. Province-year records with cumulative capacity below the lowest
25% were excluded to improve robustness. Applying the same procedure at the national level
produced identical fixed-loss estimates of 27% as default. Based on the multi-year ORC
trajectories, provinces were further classified into three categories (Fig.3f) using two
complementary indicators: the temporal trend estimated by ordinary least squares (OLS)
regression and the relative ORC variability, calculated as (max—min)/median.

A review of reported ORCs across regions and wind-farm types in China further supported the
adopted fixed-loss estimates. Reported onshore ORCs ranged from 55% to 89%. The average
national fixed loss was approximately 26%, consistent with our estimate. Offshore ORCs remain
more uncertain, and our analysis showed larger losses estimated for coastal provinces. Details of
the literature review are provided in Supplementary Text 1 and Supplementary Table S5.

Based on the estimated fixed-loss factors, soft curtailment was calculated as the non-negative
residual between the technically usable and grid CF after accounting for officially reported
curtailment. The soft curtailment should be interpreted as an indicator of changes in aggregate
operational losses rather than an exact measure for any individual year or province. The absolute
magnitude of soft curtailment may not be estimated precisely, as it is inferred from multiple
interacting contributors that cannot yet be isolated.

Correlation Analysis of Factors Driving the Generation Gap

The correlation analysis was based on the province-year generation-gap components estimated
using the methods described above, including reported curtailment, soft curtailment, and grid-
connection delay.

Pearson correlation coefficients were calculated between these outcome variables and a range of
explanatory variables, including wind capacity, annual wind additions, CHP heat supply, solar
capacity, hydropower capacity, thermal power capacity, electricity exports, power deficit,
transmission infrastructure (220-kV and above), and the share of secondary industry. Right-
skewed explanatory variables were transformed using either the inverse hyperbolic sine (arcsinh)
or the natural logarithm according to their distributional characteristics. To isolate cross-
provincial variation, year fixed effects were removed by demeaning all variables within each
year. Statistical significance was evaluated using two-sided t-tests with a significance threshold
of P <0.05.

The temporal evolution of the relationship between solar generation and wind curtailment was
evaluated by calculating annual cross-sectional Pearson correlations across provinces.
Uncertainty was quantified using 1,000 bootstrap resamples of province units while preserving
the within-year structure.

All explanatory variables were obtained from official statistics published by the National Energy
Administration (4/) and the China Electric Power Yearbook (42), and the China Statistical
Yearbook (48).

Utilization Pathway Assessment for Unrealized Wind Generation
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In the assessment, we first define the concept of equivalent capacity, representing the additional
installed wind capacity that would be required to produce the same amount of electricity as the
identified unrealized wind generation under the current utilization level. Thus, fully utilizing the
generation gap is equivalent to increasing effective wind capacity without constructing additional
wind farms. Different utilization rates therefore correspond to different equivalent capacities and
can be translated into advances in achieving future wind-capacity targets.

To evaluate the utilization potential, hourly (8,760-h) provincial profiles of unrealized wind
generation were constructed (Supplementary Method S3). Provincial annual generation gaps
estimated were converted into hourly profiles by combining hourly wind generation with
provincial hourly electricity demand. The annual demand profile was first scaled and then
clipped using the hourly wind-generation profile. Electricity generation exceeding the clipped
demand was treated as unrealized wind generation. The demand scaling and clipping was
iteratively adjusted for each province so that the constructed provincial unrealized electricity
(total of the profile) exactly matched the estimated generation gap. This procedure preserves the
estimated annual magnitude of unrealized generation while generating an hourly profile that
captures the high intermittency and temporal variability of surplus wind generation. The
resulting profile is not intended to reconstruct the actual timing of unrealized generation, but
rather to provide a representative hourly input for evaluating different utilization pathways under
consistent annual generation-gap constraints. The resulting monthly distributions across regions
are shown in Extended Data Fig. 3a.

The resulting unrealized wind-generation profiles were subsequently evaluated under different
utilization pathways. Direct utilization pathways convert surplus electricity into energy carriers
such as hydrogen or ammonia. Flexibility-based pathways store unrealized electricity during
surplus periods and discharge it when demand exceeds wind generation using batteries or long-
duration hydrogen- and ammonia-based storage systems. For each province, year, pathway, and
utilization level, the installed capacity of the corresponding technology was optimized to
minimize the levelized utilization cost (Supplementary Method S3). Increasing installed
utilization capacity enables a larger fraction of unrealized generation to be utilized but
simultaneously lowers equipment utilization because of the highly intermittent and dispersed
nature of unrealized wind generation. The utilization cost of each pathway was calculated as the
annualized system cost divided by the useful output (electricity delivered or hydrogen/ammonia
produced). China's techno-economic parameters for various technologies are shown in
Supplementary Tables S6.

Economic feasibility was evaluated by comparing pathway costs with the corresponding coal-
based benchmarks, including coal-fired electricity and coal-based hydrogen and ammonia
production. Provincial results were ranked by utilization cost and aggregated according to their
unrealized wind generation to derive national utilization rates (Supplementary Method S3). The
economically feasible utilization rate was then converted into an equivalent capacity and used to
estimate the advancement of future wind-capacity targets. Carbon-emission reductions were
estimated by multiplying the utilized unrealized electricity by China's average grid emission
factor (0.5942 kg CO2/kWh) (49). The average grid emission factor was adopted to
conservatively estimate emission reductions, rather than assuming complete displacement of
coal-fired generation.
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Extended data figures and tables
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Extended Data Fig. 1 Stepwise decomposition of the theoretical capacity factor (TCF),
2006-2022. The dark green line shows the theoretical capacity factor calculated from turbine-
specific power curves and site wind speed alone, with no further corrections. Each subsequent
line and shaded band shows the cumulative effect of adding one additional correction, in order:
air density correction (blue line; green shaded band), turbine age-related degradation (amber line;
blue shaded band), and first-year commissioning loss (dark red line; amber shaded band). The
dark red line therefore represents the fully adjusted theoretical capacity factor (TCF) used in the
main text (Fig. 2a). The additional offshore operational loss is also included for offshore wind
farms in final TCF but is not shown separately because its effect on the national average is
negligible. These losses vary year to year with the fleet’s changing siting, scale and age
composition, so they are calculated explicitly for each year rather than approximated as fixed
losses. This ensures the downward trend in overall reduction coefficient (ORC) in the main text
reflects other relatively stable losses. Values are national annual averages across all turbines
installed by each year, computed from 3-km meteorological data and turbine installation records
for 1989-2022.
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Extended Data Fig. 2 Provincial wind power capacity factors (CFs) and generation gap
decomposition in China. a-c, Provincial averages of wind CFs over 2018-2020. The technically
usable CF in (a) is estimated using high-resolution China Meteorological Administration (CMA)
data and province-specific fixed overall reduction coefficient (ORC) for each province. Panel b
shows grid-reported CF plus officially reported curtailment, and panel ¢ shows installation-based
CF accounting for commissioning timing effects. d, Decomposition of average provincial
generation gaps (expressed in CF, %) over 2018-2020 into grid-connection delays, reported
curtailment, and soft curtailment. Provinces are ordered geographically from northern to
southern; Henan is administratively classified as part of Central China and therefore grouped
accordingly despite its northern location.
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Extended Data Fig. 3 Temporal patterns and utilization pathways of unrealized wind
generation in China. a, Monthly distribution of unrealized wind generation at the national level
and across regional power grids. b, Levelized cost of electricity for power-to-hydrogen-to-power
pathways (fuel cell and hydrogen combustion in gas plants with geological storage) under
different utilization levels and years, benchmarked against coal-based electricity costs. ¢,
Evolution of economic utilization rates for different pathways defined as utilization levels with
costs below the average coal-based benchmark.
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