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Abstract

Currently, renewable energy projects are growing, and one of the critical unforeseen consequences
that has emerged is curtailment. This study focuses on characterizing a full dataset of real operational
curtailed electricity from wind energy projects in one-hour time steps, obtained through Supervisory
Control and Data Acquisition over the years 2022 and 2025 of operation in Chile. The case study is
based on the national electrical system of Chile and the analysis incorporates curtailment patterns
and more significant features, which can ultimately be used as an input source for annexed projects,
such as energy storage systems or green hydrogen production. The total installed capacity increased
from 3.0 GW to 5.0 GW during this period, representing a 66% expansion, while energy generation
increased by only 22%. Curtailed energy increased from 9% to 13% of total potential output, equivalent
to approximately 3.4 TWh of unused clean energy. Location analysis reveals that around 60% of
generation and curtailment occur in northern Chile, where grid congestion is most pronounced.
Monthly trends show a pattern that combines a linear upward increase associated with growth in
installed capacity and a cyclical seasonal component driven by resource variability. These findings
highlight that curtailment has become a structural limitation for renewable integration, primarily due
to insufficient transmission expansion and system flexibility.

Keywords: curtailment; renewable energy; variable renewable energy

1. Introduction

The worldwide expansion of variable renewable energies (VRE), particularly wind and solar
sources, has been accompanied by an increase in the magnitude and frequency of curtailed energy [1].
Curtailment refers to the reduction of energy output when generation exceeds demand or grid capacity
constraints. As such, a portion of the energy is not utilized, even when it is available. From an economic
perspective, excessive curtailment reduces the revenue potential of renewable projects, which can
discourage further investment in renewable technologies. Environmentally, it leads to a loss of clean
energy that could otherwise displace fossil fuel generation, thus increasing carbon emissions. For
grid operators, managing curtailment adds complexity to grid operations and requires advanced
forecasting and real-time balancing capabilities [2].

The curtailment of renewable energy has been widely studied in the literature. Bird et al. [3]
provided an early review of experiences in different countries, showing that, in some cases, generation
curtailments exceeded 10%, mainly due to transmission constraints and institutional factors. Similar
conclusions are provided by O’Shaughnessy et al. [4], in their study of global curtailment trends in key
markets (Chile, China, Germany, and the United States), highlighting that transmission constraints
and temporary mismatches between supply and demand are determining factors. Yasuda et al. [5,6]
developed a global comparative tool that allows relating renewable penetration levels with generation
reduction rates known as the C-E map, facilitating historical analysis and comparisons between
different countries. These studies have shown that curtailment is a characteristic of electrical systems
with high renewable penetration, primarily influenced by transmission capacity and system flexibility.
Lopez et al. [7] analyzed the dynamics of curtailment in California, detailed in 1-hour time steps,
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showing how the simultaneous penetration of variable and conventional generation increases the
reduction rates, although with a moderate impact on the levelized costs of electricity, which reinforces
the need to evaluate both its causes and its economic effects.

Chile represents a particularly relevant case in this context. Over the past decade, the country
has experienced an accelerated increase in the penetration of variable renewable energy. In 2013,
the energy generated by solar or wind sources accounted for less than 1% of the total generation [8],
whereas by 2024, their participation had grown to 41% [9]. Additionally, VRE projects under con-
struction represent an additional 2500MW of capacity, with 178 further projects in evaluation by the
Environmental Assessment Service [10]. Nowadays, Chile is one of the markets with the competitive
cost of electricity and projected as an important producer of green hydrogen production [11-17]. This
evolution highlights the expansion of VRE in Chile, consolidating its role as a central component of
the energy transition of the country.

In parallel with the VRE expansion, curtailment has become one of the main challenges for
renewable integration in Chile. The country presents a marked geographical imbalance between the
location of renewable resources and electricity demand. Most wind and solar potential is concentrated
in the northern regions, while demand is primarily located in the central zone. To mitigate this
mismatch, the north and central power systems were interconnected in 2017, producing a significant
and immediate reduction in curtailment, from around 14% that year to approximately 2% a few years
later [18,19] . However, this improvement proved temporary since curtailment has experienced a
consistent and explosive increase in recent years. While in 2021, curtailed energy reached 453 GWh,
in 2024, curtailment from VRE reached 5900 GWh [18]. This increment exposed a structural problem
in the integration of more renewable energy, highlighting the need for enhanced grid management
strategies to accommodate the VRE supply. In terms of curtailment, the relevance of wind projects
is not completely understood, as it is either studied by coupling it with solar projects or analyzed
in cumulative time frames; namely, monthly or yearly trends [2,18,20-22]. There is no general rule
on which VRE (wind or solar) has a larger contribution to total curtailment [3,5,7]. Nevertheless, the
recent steep increase in technology maturity in storage [23,24] or coupled projects that take advantage
of such resources [25,26] make it attractive to unveil the full potential of this type of VRE.

This paper contributes by providing a comprehensive study of an extensive timeline dataset of
real generation and curtailment, only including wind parks from the national electric system (SEN) of
Chile. The analysis incorporates normalized magnitudes, temporal curtailment patterns and seasonal
trends. The latter is shown over a local and international framework, contributing to a valuable
data-driven deliverable that contextualizes the wind energy for further energy applications.

The rest of the article is organized as follows. Section 2 provides details of the dataset and gives
an overview of the case study while describing the methodology applied in the analysis. The results
and more relevant patterns are discussed in Section 3 to finalize with the key remarks concluded by
this work in Section 4.

2. Data and Methods
2.1. Generation and Curtailment

This research uses data from Chilean wind energy parks; both the generated [27] and curtailed [28]
electricity are fed by the operational documentation of the National Electrical Coordinator (CEN).
In this way, a database timeline of wind energy generation and curtailment in 1-hour time steps is
created. Raw data is obtained through the Supervisory Control and Data Acquisition (SCADA) of the
CEN main controller. Figure 1a) shows the energy generation of the wind park Tchamma over the full
timeline, while Figure 1b) depicts the curtailed electricity under the same period.
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Figure 1. Sample of the wind energy dataset from Tchamma wind park between January 2022-June 2025 in 1/ time
steps. a) Real generation. b) Curtailed electricity.

Additional information is collected through technical [29] and environmental [30] resources. Raw

data can be directly downloaded through each wind energy park name; nevertheless, the reader can
access the code-format database used in this investigation through its public repository. Table 1 shows

an example of data in addition to curtailment.
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Table 1. Sample of information from each wind energy park.

Item information

ID 1

wind park name Tchamma
Region, code Antofagasta, AN
City Calama

Net effective power, NEP 171.78 MW

east coordinate, UTMWGS84 492341

north coordinate, UTMWGS84 | 7511625
Officially operative since 21.02.2022

A total of 51 wind parks are evaluated, whereas a 42-month timeline is from January 2022 to June
2025. The total installed power corresponds approximately to 5054 MW.

2.2. Methodology

The methods used to analyze the data are presented. First, the data is clustered to perform different
analyses by means of hours, days, months or the full cumulated energy through the timeline and in
three groups, namely potential energy (E), generation (G) and curtailed (C) electricity accordingly to
Equations (1)-(3), respectively.

E; = NEP;-T, (1)

Gi=Y G, (2)
jeT

Ci=).C )
jeT

where i is the corresponding wind park, and T is the cumulated time, which can be by 1-day, 1-month
or the complete 42-month dataset. Additionally, global trends are analyzed by means of the average of
each concept as shown in Equation 4.

1 N

T 1 jer

where, x can be E, G or C and Nr is the number of analyzed periods, i.e., by months Ny = 42 or by
days Nt = 1277. It is important to mention that at the begging of the study, january 2022, there are
34 projects (~ 3048 MW) in operation while by the end of it, june 2025, the 17 resting (~ 2006 MW)
were gradually incorporated in the generation and curtailment data accordingly the operation date
(see Table 1). Therefore, Nt only considers when each wind park is actively in operation. Finally, the
ratio r of curtailed energy over generated energy is calculated according to Equation (5):

r=—=——. (5)

3. Results and Discussion

Results are presented, starting from a cumulated study of the quantities, either potential, genera-
tion or curtailment energy. Subsequently, data is clustered in months and days to gain a qualitative
description of the behavior, adding the stats that provide quantification to the analyzed case study. For
the sake of conciseness, only the most significant findings are presented and each topic is discussed in
turn. However, to ensure completeness, the entire data collection is available for further analysis.

During the 42 months of the study, a maximum available energy of approximately 128.7 TWh is
estimated following Equation 1, using NEP and the contribution period of operation of each wind park.
Analogously, a total energy of 34TWh and 3.4TWh represents generation and curtailment, respectively
(Equation (4). Figure 2 shows the distribution of such energy magnitude over the different regions
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in the study case. The areas with the highest penetration of wind energy are also those with the
highest levels of curtailment. As shown in Figure 2(a), from the 51 wind parks analyzed, the largest
contribution is located in northern Chile (~60%), while the remaining significant rest (~36%) leaps to
the south region, mostly skipping the central part of the country. In this distribution, the relative share
of nominal installed capacity in a region is proportionally reflected in the generated and curtailed
energy in the same area (Figure 2b,c). This trend aligns with findings in other worldwide electrical
distributions, where regions with high VRE penetration exhibit high curtailment levels [1,3,7,31,32]. It
is remarkable that the low performance between the potential energy and real generation magnitudes
(0.26), is within the range of low-performing wind energy capacity factor [33-36].

80° W 75 W 70" W 65 1

@ (b) (0

Figure 2. Percentage of energy distribution over case of study distributed by regions. a) Energy based on nominal
power (128.7 TWh). b) Real generation (34TWh). ¢) Curtailed energy (3.4TWh).

Thus, there is a similar share in either nominal power, generation or curtailment across the regions
in Chile. The details along the studied timeframe are now explored; for instance, Figure 3 shows trends
over three years from different world sections, exhibiting heterogeneity regarding curtailment. Wind
curtailment in Chile has shown sustained growth over the past three years. In this way, between 2022
and 2024, the percentage of wind curtailment in Chile increased from 9% to 13%, reciprocally, but
in less magnitude than the recent expansion of installed wind capacity (66%). Conversely, in China
during the 2017-2019 period, exhibit a curtailment decreased from 13% to 5% due to improvements
in system flexibility through cogeneration units and new regulations that granted priority access
to renewable sources [6,37-39]. An intermediate case is shown in Europe, between years 2018 and
2020, the curtailment remained stable at around 4-5%, which is attributed to the existence of a robust
transmission grid, high interconnection between countries, and the flexibility provided by other energy
sources [6,40,41]. International comparisons reveal that the regulatory environment, transmission
infrastructure, and operational flexibility of each electricity system heavily influence the evolution of
curtailment [6]. While China and Europe have managed to reduce or contain the phenomenon through
structural and regulatory measures during those periods, in Chile, the upward trend confirms the need
to adopt policies and technologies that increase system flexibility and strengthen the transmission
grid [42].
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Figure 3. Percentage of energy contribution comparison between generation and curtailment over three years at
different locations.

Global results can veil some of the trends in the timeline of the case study. Consequently, the
clustering of the energy accumulation for each of the 42 months is presented in Figure 4. Although the
installed power increased by 66%, there is an unmarked increment in generation; in fact, the generation
over January 2022 is roughly 800GWh, while by the same month three years later, goes up to 975GWh,
only a 22% increase. In contrast, curtailment shows a qualitative progressive increment; indeed, it
exhibits a 176% increment in the same time threshold as generation. These results are complemented
by recent technical studies that have monitored the curtailment from VRE in Chile, coupling solar and
wind [20].
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Figure 4. Stacked energy cumulation over months. In blue, real generation; in red, curtailed electricity.

Thus, a detailed view is presented in Figure 5, where the monthly evolution of the curtailed
energy ratio, Equation (5); and in addition, the progression of nominal wind power. A coupled
behavior is observed, characterized by two distinct but interconnected phenomena. On the one hand,
a linear offset manifests as a steady, proportional increase aligned with the growth of NEP. The latter
indicates a systematic link; therefore, a possible parameterization or prediction. On the other hand,
coupled with this linear trend is a cyclic behavior, where seasonal periodic fluctuations become the
principal driving force. This cyclic pattern introduces oscillations that repeat regularly, with peaks
in warm seasons and troughs in the cold ones. Together, linear progression and seasonal variation
evidence a complex interplay. For comparison purposes, it is useful to contrast these results with

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1431.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2025 d0i:10.20944/preprints202510.1431.v1

7 of 11

other international experiences, such as the case of California. During the 2015-2021 period, wind
curtailment in California remained below 5%, following a downward trend with peaks concentrated
in the warm seasons, especially in the early years of the period [7]. During the same period, installed
wind capacity fluctuated moderately, decreasing from 6,108 MW to 5,609 MW between 2015 and
2017, before increasing to 6,142 MW in 2021 [43]. In contrast, wind curtailment in Chile has increased
steadily, rising from 9% to 13% over the last three years (2022-2025), while installed capacity has
grown significantly. Despite the different trends observed in both regions, data reveal a consistent
coupling between installed capacity and curtailment, confirming that curtailment growth tends to
follow capacity expansion when grid adaptation is limited.
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Figure 5. Monthly evolution of the ratio of curtailed energy (r) and cumulative nominal power.

The aforementioned relationship provides a basis for interpreting the observed behavior through
Equation (5). According to this expression, an increment in nominal power (assuming a constant
capacity factor) should not affect the curtailed energy ratio (7). Therefore, the increase in r observed in
Chile can be understood as an effective reduction in the capacity factor of the system. The combina-
tion of increased curtailment with the expansion of installed capacity indicates that the transmission
infrastructure and operational flexibility of the Chilean electricity system have not kept pace with
the growth of renewable energy sources. In fact, Chile has suffered from blackouts due to infras-
tructure incidents [44,45] and recently, presented a public international tender for renovation on the
transmission system [46].
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Figure 6. Curtailed electricity ratios over a day. Curtailment Average it from all projects during operations.
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Literature shows a qualitative consensus on how to represent the trends of curtailment (C), which
is, accordingly to the generation (G). Nevertheless, there are two common metrics used to quantify the
curtailment rate. Thus, it can be by considering the whole energy as a normalization, as in this study
(Equation (1)) [6,7]; or, on the contrary, by normalizing only by the real generation [1,3,4] as shown in
Equation (6).

(6)

Figure 6 shows both ratios to evaluate the sensitivity of the results to the definition used, while
exhibiting a daily average ratio from the 51 wind parks. It depicts a similar temporal trend, confirming
that the overall evolution of curtailment is independent of the selected metrics. However, r* tends
to yield systematically higher values than r, particularly, under high curtailment conditions. This
difference is explained by the fact that 7* normalizes the reduced energy only with respect to the
energy actually generated, which decreases during periods of grid congestion, thereby amplifying
the apparent magnitude of the phenomenon. In contrast, as r expresses the reduced energy as a
fraction of the total available potential (C+G), it offers a measure bounded between 0 and 1; thus, it
is physically more stable. For low values of curtailment, both metrics converge because G ~ C + G.
This ambiguity can lead to misleading interpretations and under- or overestimations of phenomena.
Therefore, the specification of the curtailment rate calculation is essential for making comparisons
across different sources or electricity systems, thereby ensuring a consistent interpretation of the
curtailment percentages presented in this study.

Overall, in the case study, nominal power, generation, and curtailment are distributed in compa-
rable proportions across Chilean regions. Nevertheless, total curtailment has won share over the past
three years (2022-2024) in contrast to the behavior of other parts of the world. The dramatic increase in
installed power explains the latter without leveraging it in actual generation.

4. Conclusions

This study focuses on real generation and curtailment data from 51 wind parks in Chile. First,
a characterization of the total energy and nominal effective power is done considering the whole
accumulation between January 2022 and June 2025. Subsequently, a particular focus is carried out on
the timeline of events between capacity increase and performance metrics of generation or curtailment.

In terms of the relationship between installed, generated and curtailed energy, results show a
strong geolocation correspondence between wind penetration and levels of curtailment percentages,
reflecting a resource distribution that exceeds the effective utilization capacity of the electrical system.
In fact, curtailed energy increased from 9% to 13%, while installed capacity grew by 66%, indicating
that transmission and operational constraints are the main limitations to renewable integration. The
sustained growth in curtailment represents an effective reduction in the wind capacity factor, mainly
caused by grid congestion in northern regions and insufficient flexibility in the national electric system.

There is evidence of a sustained upward trend in wind curtailment in Chile, associated with the
rapid growth of installed capacity and the limited capacity of the electrical system to absorb such
expansion. Furthermore, the monthly analysis reveals a coupled pattern mixed up with the upward
trend, namely a cyclic seasonal behavior. This combination demonstrates that, although operating
conditions can fluctuate throughout the year, the sustained increase in wind capacity remains the
main factor driving the rise in curtailment when grid adaptation is limited. From a system-planning
perspective, the consistent increase in curtailed electricity (r = C/(C + G)) underscores the need to
strengthen transmission infrastructure and implement flexibility-enhancing measures, such as storage,
demand management, and wind-to-hydrogen integration. Without these actions, a significant fraction
of clean generation potential will continue to be lost.

On the wind capacity factor, the increase in curtailment in Chile implies an effective reduction in
the capacity factor of wind sources due to a mismatch between renewable expansion and grid capacity.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Once more confirming that limitations in transmission and operational flexibility are critical factors
restricting the efficient integration of wind energy.

Finally, the open-source dataset generated in this work provides a reproducible foundation for
future techno-economic analyses of curtailment mitigation and for quantifying the marginal cost of
grid adaptation in Chile and similar high-penetration renewable systems.
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