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ARTICLE INFO ABSTRACT

Keywords: Solar photovoltaic (PV) systems generate electricity with no marginal costs or emissions. As a result, PV output is
Solar photovoltaics almost always prioritized over other fuel sources and delivered to the electric grid. However, PV curtailment is
Curtailment increasing as PV composes greater shares of grid capacity. In this paper, we present a novel synthesis of
]l;l;;;;btlcl;ty curtailment in four key countries: Chile, China, Germany, and the United States. We find that about 6.5 million

MWh of PV output was curtailed in these countries in 2018. We find that: Policy and grid planning practices
influence where, when, and how much PV is curtailed; Some PV curtailment is attributable to limited trans-
mission capacity connecting remote solar resources to load centers; PV curtailment peaks in the spring and fall,
when PV output is relatively high but electricity demand is relatively low. We discuss available measures to
reduce PV curtailment as well as increasing PV curtailment in the contexts of evolving grids and energy

System constraints
Grid policy

technologies.

1. Introduction

Global solar photovoltaic (PV) capacity is projected to more than
double over the next decade from about 500 GW in 2018 to 1290 GW by
2030 (International Energy Agency (IEA), 2018; Masson et al., 2019). As
a result of its zero marginal cost characteristics, PV output is almost
always prioritized in electricity grid dispatches and delivered to the grid.
However, as PV composes increasing shares of grid capacity, it will
become increasingly common that some available PV output will be
unused for technical or economic reasons. Unlike fuel-based generators
whose unused output represents fuel that can be burned to generate
output at a later time, unused PV output represents available electricity
that is lost forever (Sterling et al., 2017). The term “curtailment” has
emerged as an industry term of art for the practice of foregoing and thus
losing available renewable energy output, including PV.

Most PV curtailment stems from some system constraint that im-
pedes the grid from absorbing more PV output.’ To build some intuition
around how system constraints can drive curtailment, Fig. 1 depicts an
actual PV curtailment event in California in May 2018. As PV came
online at 6 am, some flexible generators—mostly imports and natural
gas—went offline, conceptually “making room” for the PV output.
However, at least some non-variable generation on the grid cannot be
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significantly ramped up or down, at least in the near term, because the
generation provides essential grid reliability services or because of
mechanical limitations. After the system had scaled back flexible gen-
eration, the sum of variable generation (including other renewables) and
the inflexible generation began to exceed load, a phenomenon we will
refer to as oversupply. In order to maintain supply/demand balance, the
system curtailed about 12,000 MWh of PV output on this particular day,
represented by the red area on the top of the chart.

Oversupply and curtailment are largely driven by two mismatches
between PV output (supply) and load (demand). First, there is often a
temporal mismatch between when PV output is available (midday) and
when that output can be absorbed by the grid. Temporal mismatch is
clearly evident in Fig. 1. On that day, the PV output peak occurred in the
midday when demand was too low to absorb the output. The temporal
mismatch is exacerbated by the fact that behind-the-meter PV systems
reduce grid net load throughout the day, leaving less load to absorb
available utility-scale PV. Second, there may be a geographic mismatch
between where PV output is available (sunny, dry areas) and where that
output can be absorbed (load centers). Land use and land cost consid-
erations may also play a role in PV siting, particularly when fixed feed-in
tariffs or other incentives are location agnostic (Krauter, 2018).
Geographic mismatches occur when solar-rich regions are located far
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Fig. 1. PV curtailment event on May 13, 2018, in California. Based on data
from CAISO (2019a).

from load centers and when there is limited transmission capacity
connecting the two regions.

Oversupply risk generally increases as more PV is integrated onto the
grid (Denholm et al., 2016; Nelson et al., 2018). Each marginal unit of
PV output pushes down the midday net load, making it more likely that
PV output will exceed the grid’s ability to absorb that output during the
solar peak. As a result, PV curtailment is projected to increase as PV
composes greater shares of grid capacity (Denholm et al., 2015). An
illustrative example is California, where PV curtailment doubled from
2018 to 2019 alone (CAISO, 2019a).

PV curtailment is often framed as a loss given that effectively free
and clean electricity goes unused (Bird et al., 2016; Henriot, 2015).
Curtailment may also undermine PV project economics and could hinder
future PV deployment (Golden and Paulos, 2015). As a result, various
grid and market practices discourage curtailment. For instance, some
grid policies require utilities to compensate generators for curtailed
output, and some interconnection policies prohibit systems from inter-
connecting if those systems will result in curtailment.

In this paper, we describe the extent of PV curtailment through a
novel synthesis of data from four key PV markets where curtailment is
occurring: Chile, China, Germany, and the United States. We present the
data and key trends in Section 2 and review the literature on measures to
reduce curtailment in Section 3. Finally, in Section 4 we explore how
evolving grid and technological contexts may force a reexamination of
grid and market practices that discourage curtailment. We restrict the
scope of our article to PV curtailment. It should be noted that similar
trends prevail in the curtailment of wind power. Wind power systems
have—historically—been curtailed at higher rates than PV systems,
primarily because more wind capacity has been deployed. See Bird et al.
(2016) for a review of trends in wind curtailment.

2. PV curtailment in key markets

All data presented in this section represent estimates of PV curtail-
ment in 2018. Where available, we mention more recent estimates based
on 2019 data. Data sources and methodologies are described in each
sub-section. The curtailment data compiled in this section generally
represent curtailment of utility-scale PV. Distributed behind-the-meter
PV are generally not controlled by grid operators and thus generally
not subject to curtailment. The exception is Germany, where the German
Renewable Energy Act requires distributed PV to be installed with in-
verters that allow grid operators to curtail those systems as needed.
Curtailment estimates are presented in terms of absolute curtailment
(MWh) and as a percentage of potential PV output, i.e., the percentage of
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PV output that could have been curtailed that actually was curtailed:

Curtailed Output

Curtailment % =
urtaiment: % Delivered Output + Curtailed Output

PV curtailment generally only occurs on grids with relatively high
levels of PV penetration. Significant levels of PV curtailment (>1% of
potential output) have been recorded in Chile, China, Germany, and
certain markets in the United States. Table 1 summarizes the curtailment
trends in these areas. In this section, we explore the current state of
curtailment on each of these grids.

Through the end of 2018, PV curtailment in other markets has been
minimal. In Australia, some utility-scale PV was potentially curtailed in
2018 as part of a broader set of variable renewable energy curtailments
(primarily wind) to maintain system reliability. However, the rapid
expansion of utility-scale PV across Australia in 2018 and 2019 (about
3000 MW of increased capacity) has led to increased curtailment in
2019, due to both PV-specific system reliability issues and negative
daytime market prices (AEMO, 2020). Outside of Germany, PV curtail-
ment in Europe has been limited (Bird et al., 2016; Yasuda et al., 2015),
though increasing PV penetration may drive future PV curtailment,
particularly in Portugal and Spain (Bossman et al., 2018). In Japan, PV
curtailment was reported for the first time on the Japanese mainland in
2018, though some PV curtailment may have occurred previously on
remote islands (Tsukimori, 2018). Future PV curtailment levels are
projected to reach as high as 10% of available output in Japan at higher
PV penetration levels (Yasuda et al., 2015).

2.1. Chile

The Atacama and Antofagasta regions of northern Chile have some of
the strongest solar resources in the world. The region has attracted
increasing investment in large-scale PV capacity, with more than 1600
MW online by the end of 2018 (Energia Abierta, 2019). However, the

Table 1
2018 PV curtailment statistics in key PV markets.*

Location PV Curtailed % of
Penetration PV Output Potential
(% of in 2018 PV Output
Generation) (MWh) Curtailed

Curtailment Drivers
/ Primary Mitigation
Measure

Chile 6% 150,000 6% Geographic
mismatch between
solar resource and
load / Transmission
expansion
Geographic
mismatch between
solar resource and
load / Transmission
expansion

Grid congestion /
Compensation
requirements

China 2% 5,490,000 3.0%

Germany 7% 116,470 0.3%

United

States
California 13% 432,000 1.5% Systemwide
oversupply /
Balancing market
expansion
Geographic
mismatch between
solar resource and
load / Transmission
expansion
Oversupply in
regional market /
Energy storage
Local oversupply /
Energy storage

Texas 1% 270,000 8.4%

Arizona 4% 17,100 2.9%

Hawaii 2% 4,100 2.7%

" Data sources and estimation methods are defined in each sub-section.
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strong solar resource is far from the nation’s primary load center in
Santiago (Fig. 2). There is currently no transmission capacity linking
Antofagasta to the rest of the country, leaving more than 800 MW of PV
capacity isolated from the large load centers to the south (CEN, 2017).
Further, there are currently only three 220 kV transmission lines linking
Atacama to the rest of the system (CEN, 2017). Limited transmission
capacity between the northern regions and Santiago is expected to drive
increasing PV curtailment in Chile (CNE, 2018). There are also local
transmission constraints around Santiago that contribute to curtailment
(Matus et al., 2016). Curtailment of all renewables—including wind-
—increased from about 2% of potential output in 2016 (Matus et al.,
2016) to about 6% of output in 2018 (Valgesta Energia, 2019).2

Ongoing transmission system expansions may alleviate PV curtail-
ment in Chile (CNE, 2018). The country is building more than 600 km of
high-voltage transmission lines linking Antofagasta and Atacama to load
centers in Santiago (CEN, 2017). The National Electricity Coordinator
estimates that a recent transmission upgrade will reduce renewable
curtailment by as much as 80% (CEN, 2018).

2.2. China

Installed PV capacity reached 174,450 MW by the end of 2018, with
123,840 MW of utility-scale PV, making China the world leader in
deployed PV capacity (National Energy Administration (NEA), 2019b).
Utility-scale PV capacity is concentrated in the solar-rich northwestern
provinces of Shaanxi, Gansu and Qinghai, and the autonomous regions
of Xinjiang and Ningxia (Fig. 3, left). In 2018, about 27% of PV output in
China came from the northwest (Northwest China Energy Regulatory
Bureau (NWCERB), 2019). However, the country’s load centers are
concentrated in the south and eastern parts of the country, creating a
geographical mismatch between PV output and demand similar to the
situation in Chile. Due in part to this geographical mismatch, about
12.6% of PV output was curtailed in China in 2015 (National Energy
Administration (NEA), 2016), though curtailment has since fallen to
about 3.0% of PV output in 2018 (National Energy Administration
(NEA), 2019b). Curtailment has been and remains relatively high in the
northwest: about 16% and 10% of PV output was curtailed in 2018 the
Xinjiang and Gansu provinces, respectively (Fig. 3, right).

As of the Q3 2019, the total cumulative installed PV has reached
190,190 MW, of which 131,490 MW is utility-scale PV. Meanwhile,
1.9% (3250 GWh) of solar output has been curtailed, with 81.5% of
curtailment occurring in northwest China. Regionally, curtailment in the
Xinjiang, Qinghai, and Gansu provinces reached 8.9%, 5.8%, and 4.8%
of solar output, respectively (National Energy Administration (NEA),
2019a).

PV curtailment in China stems primarily from system inflexibility,
oversupply, and insufficient transmission capacity ((BNEF), 2017). The
Chinese government is considering transmission system expansions that
would connect solar and wind resources in the northwest to the south-
eastern load centers. In 2016, there were 3 ultra-high-voltage trans-
mission lines that connected non-hydro renewable resources in the
northwest to southeastern load centers (China Power, 2016; National
Energy Administration (NEA), 2017). By the end of 2018, at least 20
ultra-high-voltage lines were in operation with at least 5 lines trans-
mitting non-hydro renewable generation. These transmission system
upgrades are part of a broader set of Chinese policies aiming to reduce
PV curtailment (National Development and Reform Commission
(NDRC), 2018).

Curtailment trends in China also illustrate how policy can drive
trends in PV curtailment. In 2011, China implemented a nationwide

2 The estimate of 6% curtailment includes both PV and wind. The authors
confirmed that this level is a reasonable estimate of PV-specific curtailment
through personal conversations with representatives from the Chilean Ministry
of Energy and the National Electricity Coordinator (10/23/2019).
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feed-in tariff that offered the same value for PV output anywhere in the
country. The fixed feed-in tariff provided an incentive to develop sys-
tems in the solar-rich northwest, where PV developers could maximize
their revenue despite the relatively low value of marginal generation in
the region. Ongoing investments in the northwest, supported by the
feed-in tariff, resulted in local oversupply and PV curtailment. In part to
address this issue, in 2013 China instead regionalized the feed-in tariff
(Ye et al., 2017). The regional tariff provides higher compensation rates
to PV systems sited in the populous south and eastern provinces and
lower compensation rates to PV sited in the northwest. China is expected
to transition towards a subsidy-free market by 2021.

2.3. Germany

By the end of 2018, Germany had about 46,000 MW of installed PV
capacity — and reached about 49,170 MW at the end of 2019 — making
Germany the leader among European countries in terms of installed PV
capacity (Deign, 2019; ISE, 2020). Between 2009 and 2014, PV
curtailment steadily increased from 0.01% of potential output in 2009 to
about 0.74% of potential output in 2014, before falling back to just 0.3%
of potential output in 2018 (BMWi, 2018, 2019; ISE, 2019). Renewable
curtailment in Germany is primarily driven by grid congestion. In 2018,
74% of curtailment took place in the distribution network, with the
remainder occurring in the transmission network (Bun-desnet-za-gen-
tur, 2018).

PV curtailment in Germany is relatively low compared to U.S. states
with similar levels of PV penetration. This relatively low PV curtailment
in Germany may reflect unique deployment trends and policies that
discourage curtailment. The vast majority of German PV capacity is
distributed, in contrast to other comparably-sized markets such as Cal-
ifornia where more than half of PV capacity is utility scale. Since 2012,
small-scale (<10 kW) PV systems are required to be equipped with
remote controls allowing system operators to curtail the system (system
owners can alternatively choose to limit power exported to the grid to
70% of the system’s rated capacity) (McLaren, 2015). As a result, system
operators can remotely control and curtail distributed PV, which ac-
counts for the majority of PV curtailment in Germany, whereas in Cal-
ifornia only utility-scale PV is typically curtailed. Additionally, Germany
requires grid operators to compensate PV system owners for 95% of their
revenue losses due to curtailment up to 1% of curtailed PV output, and
for 100% of revenue losses for any losses above 1% curtailment. This
compensation rule effectively penalizes curtailment at the feed-in tariff
rate, making curtailment relatively costly in Germany. In contrast, the
cost of curtailment in California is equal to a compensation rate that is
defined in the purchase contract. Further, since 2012, German law re-
quires all PV systems to be equipped with advanced inverters that either
reduce system output or shut systems down during high frequency
events (McLaren, 2015). These high-frequency events may result in brief
periods of curtailment. However, by making distributed PV systems
more responsive to grid conditions, the advanced inverter requirements
may contribute to the relatively low curtailment levels observed in
Germany. The relationship between distributed advanced inverters and
PV curtailment levels is a potential area for future research.

2.4. United States

The U.S. electric grid is a patchwork of regional and local markets
and balancing areas that are reasonably proxied by state borders. For
simplicity, we describe curtailment data and trends in four states: Cal-
ifornia, Texas, Arizona, and Hawaii.

2.4.1. Cdlifornia

At the end of 2018, about 23,200 MW of PV capacity was online in
California, by far the most of any U.S. state (Perea et al., 2019). About
13,500 MW of that capacity is utility-scale and thus subject to PV
curtailment. PV curtailment in CAISO is primarily implemented through
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Fig. 2. Region-level installed PV capacity (left) and electricity demand (right) in Chile. Figure based on data from Energia Abierta (2019).

Installed Utility-Scale PV Capacity

negative pricing in the California Independent System Operator (CAISO)
wholesale market. CAISO may also accept offers from generators to
curtail at some level of compensation, known as decremental bids. These
economic measures resolve the issue in the majority of cases (Hilde-
brandt et al., 2019). In rare events, CAISO manually curtails PV output
when market signals do not resolve the system constraint (Hildebrandt
et al., 2019).

California PV curtailment data were obtained from CAISO (2019a).
The data are publicly available. According to these data, about 432,000
MWh of PV was curtailed in 2018, representing about 1.5% of potential
PV output. PV curtailment in CAISO follows a seasonal pattern with
peaks in the spring and fall (Fig. 4). Recently-published 2019 estimates
suggest that PV curtailment significantly increased in 2019, to about
922,000 MWh or 3% of potential output (CAISO, 2019a). This increase is
likely due to continued increases in PV capacity and generation coupled
with increased hydroelectric generation from a wetter / snowier winter
as compared with previous years (Maloney, 2019; Roselund, 2019).

The seasonal curtailment cycle illustrated in Fig. 4 is the result of a
slight temporal mismatch between annual PV output and electricity
demand cycles. PV output peaks in the early summer around the summer
solstice. However, system load tends to peak in the late summer when

Curtailed PV Output

5

Fig. 3. Province-level installed PV capacity (left) and curtailment (right) in China, based on 2018 data.

%
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Fig. 4. Percentage of potential PV output curtailed by month in California
in 2018.

high temperatures increase demand for energy-intensive air
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conditioning. This temporal mismatch creates the conditions for PV
oversupply events in the late spring when PV output is approaching its
peak but load remains relatively modest. These oversupply events can
result in negative pricing and curtailment. The potential oversupply
situation is exacerbated by the fact that the state’s hydroelectric ca-
pacity peaks from February to June (Hildebrandt et al., 2019). A similar
situation occurs in the fall when cooler temperatures reduce demand for
air conditioning, but PV output remains relatively high. By late summer,
electricity demand is generally sufficient to absorb high levels of PV
output, resulting in relatively low curtailment. In the winter, PV output
is low enough that the system can generally absorb PV output even if
electricity demand is relatively low.

CAISO wholesale market prices reflect the intersection of supply and
demand over most of California and several neighboring states. As a
result, PV curtailment events tend to be systemwide rather than local-
ized, and curtailment is not limited to transmission-constrained portions
of the balancing area. In 2018, at least some PV was curtailed on 152
grid nodes in California (Fig. 5). More PV was curtailed on nodes with
higher PV capacity: about 61% of PV curtailment occurred on 10 nodes
with relatively high PV penetration. In terms of percentage of potential
output, curtailment was relatively evenly distributed across the nodes:
curtailment was between 0.1% and 5% of potential output on 66% of the
nodes. However, local curtailment was high relative to the statewide
average on some nodes, exceeding 5% of potential output on about 8%
of nodes and 10% of potential output on 4% of nodes.

Relative to other high-PV penetration U.S. markets like Hawaii and
Texas, PV curtailment remains relatively low in California. This lower
PV curtailment in California is attributable, in part, to the large size of
the CAISO balancing area. Furthermore, in 2014, CAISO extended the
range of its balancing area through the creation of a regional energy
imbalance market (EIM). The EIM allows balancing areas outside of
CAISO to voluntarily trade in the CAISO real-time market. Curtailment
reduction was one of the key objectives and outcomes of the EIM (Hil-
debrandt et al., 2019). Fig. 6 illustrates how CAISO effectively uses the
EIM to accommodate high PV output levels. Imported generation in-
creases in the morning to meet electricity demand during the morning
peak. The imported generation profile is then roughly the inverse of the
PV output profile for much of the day. Conceptually, CAISO is using
imports as a source of flexible generation, though all of the dispatch is
achieved through market pricing. The ability to scale imports back to
make room for PV output allows CAISO to reduce PV curtailment. CAISO
estimates that the EIM has avoided more than 900,000 MWh of
renewable energy curtailment since its inception (CAISO, 2019b).

2.4.2. Texas

Texas has seen a boom in utility-scale PV in recent years. Cumulative
installed utility-scale PV capacity in Texas increased from about 410
MW in 2015 to 2,400 MW installed by the end of 2018, with 863 MW
installed in 2018 alone (Perea et al., 2019). This PV deployment has
concentrated in the southwestern portion of the state, where a strong
solar resource and growing electricity needs from industrial develop-
ment are driving PV investments (Electric Reliability Council of Texas
(ERCOT), 2018). Significant wind capacity also exists in this portion of
the state. The clustering of these PV and wind projects along with
insufficient transmission capacity connecting the region to load centers
has depressed locational marginal prices in the area and, in some cases,
caused negative pricing and PV curtailment (Fig. 7).

We derived PV curtailment estimates from publicly-available secu-
rity constrained economic dispatch data from the Electric Reliability
Council of Texas (ERCOT), the state’s wholesale market operator
(Electric Reliability Council of Texas (ERCOT), 2019). For each 15-min-
ute interval and for each system we calculated the difference between
what the PV generator could have generated based on the high-sustained
limit and what the PV generator actually generated based on tele-
metered net output. In some cases, the calculated differences were trivial
and likely due to noise in the reported data. To identify true curtailment,
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we identified cases where the difference between possible and actual
output was greater than 10% and the possible output was greater than
10% of the PV generator’s capacity.’

We estimate that about 8.4% of potential PV output was curtailed in
Texas in 2018. Similar to California, PV curtailment peaks in the spring,
with an estimated 17% of potential output curtailed in May. These data
suggest that PV curtailment in Texas follows similar patterns as observed
elsewhere, with curtailment peaking on days with strong PV output but
relatively modest load. Unlike California, there is no pronounced
curtailment peak in the fall.

2.4.3. Arizona

At the end of 2018 about 2,000 MW of utility-scale PV was online in
Arizona (Perea et al., 2019). Representatives from three Arizona utilities
interviewed for this study stated that local PV systems have not caused
local constraints that merit curtailment. All current PV curtailment in
Arizona, to our knowledge, is the result of economic responses to
negative pricing in the CAISO EIM. Arizona Public Service (APS), the
largest electric utility in Arizona, participates in the EIM. APS tends to be
a net importer on the EIM in the first half of the year and a net exporter
in the second half (Fig. 8). In the first half of the year, particularly in the
spring, APS tends to import during the midday when plenty of low-cost
California PV is on the system. If midday EIM prices are negative, APS
curtails its own PV systems, resulting in economic savings for the utili-
ty’s customers. In other words, system constraints in CAISO are
currently the sole driver of curtailment in Arizona. In the second half of
the year, APS exports to CAISO in the midday and evening when
wholesale market prices are relatively high in California, but net exports
from APS to CAISO fall to near zero in the midday when PV generation
depresses wholesale market prices.

In 2018, APS curtailed about 17,100 MWh of PV, or about 2.9% of
potential PV output. Curtailment in APS follows roughly the same sea-
sonal patterns as APS’s EIM imports as well as curtailment in CAISO,
with a pronounced peak in March and April and a lesser peak in October.

2.4.4. Hawaii

Hawaii presents a unique context for PV operation, curtailment, and
grid balancing challenges. Each island is a separate grid with no inter-
connection to the other islands. System flexibility thus cannot be
maintained through inter-regional transfers, as can be done on mainland
grids. Hawaii also has the highest per-capita levels of distributed PV in
the United States. Most of these distributed PV systems are fully behind
the meter and thus beyond the control of Hawaiian utilities. As a result,
Hawaiian utilities must frequently curtail utility-scale PV in response to
local oversupply or other system constraints. Curtailment for oversupply
generally follows a last-in first-out protocol, whereby the newest gen-
erators are curtailed first, and the oldest generators are curtailed last.
Curtailment order when curtailment is needed to address system con-
straints depends on grid needs.

Curtailment data were obtained from public filings by the Hawaiian
Electric Company’s (HECO) Reliability Standards Working Group
((HECO), 2019b). The Working Group reports most PV curtailment in
terms of event duration in hours rather than output (MWh). We there-
fore augmented the Working Group data by obtaining additional island-
level renewable energy output and curtailment data from HECO quar-
terly reports ((HECO), 2019a) as well as renewable portfolio standard
filings by HECO and the Kauai Island Electric Cooperative (HECO and
KIUC, 2019). For Oahu, we estimated curtailment by dividing the re-
ported curtailed MWh for all renewable sources by the ratios of solar-to-
wind capacity and total curtailed dispatch times for each resource from
the Working Group reports. The island of Hawaii reports MW outputs

3 The validity of this methodology and the results were corroborated through
personal conversations with representatives from the Electric Reliability
Council of Texas.
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Fig. 5. PV capacity (left), curtailed MWh (center), and estimated curtailment as a percentage of potential output (right), by node in California in 2018. Nodal-level
PV capacity and curtailed MWh are based on data provided by CAISO. Curtailment as a percentage of potential output is calculated using assumed PV generation
levels based on nodal-level insolation profiles from the National Renewable Energy Laboratory (NREL) National Solar Radiation Data Base.
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Fig. 6. Daily generation profiles in CAISO for PV and other genera-
tion resources.

before and after curtailment, from which curtailed MWh estimates can
be made based on curtailed dispatch times. For Maui, though the Maui
Electric Company generally reports curtailed MWh for each curtailment
event, these estimates were missing for two of the months. The missing
values were estimated using the curtailed dispatch time for the month
and a curtailed energy per hour value averaged from the other months.
Finally, for Lanai, the Maui Electric Company reports PV curtailment
directly for the single utility-scale PV array on the island.

Installed Utility-Scale PV Capacity

g 800
600
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Houston

San Antonio

The resulting island-level curtailment estimates are shown in
Table 2. We estimate that about 2.7% of potential Hawaiian PV output
was curtailed in 2018. The state-level curtailment estimate is largely
driven by the relatively low curtailment level on Oahu, the state’s most
populous island. However, significantly more PV is curtailed on the
smaller islands of Lanai and Maui. Estimated curtailment is particularly
high on Maui, an island roughly the size of Oahu but with a significantly
smaller population.

Hawaiian PV curtailment follows roughly the same seasonal patterns
as in California. On both Lanai and Maui—the islands with the highest
PV curtailment—curtailment is lowest in the third quarter (July through
August) when electricity demand is relatively high, and highest in in the
second and fourth quarters, comparable to the seasonal patterns evident

Average
Hourly Q1 Q2 Q3 Q4
Transfer APS 800 Net Exports
to CAISO
(MW) 400
0
400 0a——> 122
Net Imports
-800

Fig. 8. Average hourly transfer from APS to CAISO in the EIM by quarter in
2018. Figure adapted by Hildebrandt et al. (2019).

Curtailed PV Output

Fig. 7. Installed PV capacity (left) and curtailment (right) by county in Texas in 2018.
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Table 2
Hawaiian PV curtailment estimates by Island.

Table 3

Grid-level curtailment management measures.
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Island Utility PV Output (MWh) Curtailed PV (MWh) % Curtailed Measure Description Pros (+) / Cons (—)

Hawaii 3,924 22 <1% Grid flexibility Investments in flexible assets + Can leverage existing grid
Kauai * that allow the grid to respond assets; PV systems can provide
Lanai 1,344 136 9% more effectively to changes in their own flexibility

Maui 11,515 1,818 14% PV supply. — Some flexible assets (e.g.,
Molokai * * natural gas generators) may be
Oahu 132,366 2,094 2% incompatible with clean

State Total 149,149 4,071 2.7% energy mandates or objectives

* Data not available.
* Percentage estimate excludes Kauai and Molokai, where curtailment data
were not available.

in California and Texas.

2.5. Summary of key market curtailment trends

Three trends emerge from the curtailment data that are shared across
multiple regions:

e Policy and grid planning practices influence where, when, and how much
PV is curtailed. In China, the initial structure of the feed-in tariff
contributed to increasing curtailment in the northwest provinces. In
Germany, compensation requirements for curtailed output likely
keep curtailment lower in Germany than it would otherwise be
without those compensation requirements. In California, the EIM has
reduced curtailment in California by, in part, shifting some PV
curtailment into Arizona.

Geographical mismatches and limited transmission capacity can drive
near-term PV curtailment. Geographical mismatches are at least
partially responsible for relatively high curtailment in Chile, China,
and Texas. In each case, grid planners are pursuing measures to in-
crease transmission capacity and reduce the curtailment caused by
the geographical mismatches.

PV curtailment follows seasonal patterns. PV curtailment tends to peak
in the spring and fall, when PV output is relatively high but load is
relatively low. High electricity demand for energy-intensive air
conditioning is generally sufficient to absorb PV output and limit
curtailment during the summer.

3. Available measures to address increasing curtailment

The literature suggests that at least four measures are effective at
reducing PV curtailment: increasing grid flexibility; energy storage; load
flexibility; and regional coordination (Table 3).

Flexibility refers to the ability of a grid to respond to changes in the
supply and demand of electricity (Cochran et al., 2014). All else equal, a
more flexible grid is able to accommodate more PV without resorting to
curtailment than a less flexible grid. Increasing grid flexibility is there-
fore a way to effectively manage curtailment. Flexible generators such as
natural gas and hydropower can be quickly and efficiently ramped up
and down to respond to supply/demand changes due to variable gen-
eration (Cochran et al., 2014). Cole et al. (2016) find that increased
natural gas capacity could reduce renewable energy curtailment by 25%
relative to a reference scenario of 22% renewable energy penetration.
Nelson and Wisland (2015) find that increasing the flexibility of natural
gas plants—such as through decreasing their minimum power lev-
el—could reduce curtailment by about 37% relative to a reference sce-
nario with 50% penetration in California. Finally, (Perez et al., 2019)
find that the minimal use of natural gas (5% of generation) to provide
load flexibility in Minnesota could reduce PV oversizing / curtailment
and achieve cost reductions below current market price. However, it
should be noted that the use of natural gas to reduce PV curtailment may
be incompatible with clean energy mandates or objectives. Hence, even
if natural gas-based flexibility could reduce PV curtailment, achieving
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Energy storage

Energy storage devices can
store and shift PV output
according to grid needs.

+ Energy storage, particularly
batteries, can provide a variety
of grid services.

— Batteries currently entail
high up-front costs.

Load flexibility ~ Flexible loads could be planned ~ + Could be a cost-effective use
or shifted to absorb excess PV of low-cost PV electricity.
output. — Load flexibility relies on

voluntary enrollment and
actions of disparate grid actors.

Regional Larger coordinated systems + Regional coordination has

coordination  can manage PV output to already proven effective for

reduce curtailment.

reducing curtailment (e.g.,

CAISO)

— Limited by transmission
constraints and challenges
associated with building new
transmission

high renewable energy targets may require accepting higher levels of
curtailment or relying on other grid flexibility measures (Jenkins et al.,
2018).

Increasing grid energy storage capacity could reduce oversupply risk
and increase grid flexibility, thus reducing the need for PV curtailment
(Lian et al., 2019; Nelson and Wisland, 2015; Solomon et al., 2019).
During potential oversupply events the otherwise curtailed PV output
can be stored and re-dispatched later in the day, obviating the need for
curtailment.” Denholm et al. (2016) show that adding 4000 MW of
storage to the Florida grid could avoid more than 3 million MWh/year of
PV curtailment at PV penetration levels above 25%. Similarly, Hledik
et al. (2018) estimate that adding 1000 MW of storage capacity to the
Nevada grid could reduce renewable energy curtailment by 50%. Be-
sides pairing with stationary batteries, variable electricity generation
can also be stored in renewable methane and reused for electricity
generation through a “power to gas” approach (Vandewalle et al., 2015).
However, the avoided costs of curtailment must be weighed against the
capital costs of battery storage investments (Putnam and Perez, 2018).

Load flexibility is another tool for increasing grid flexibility and
managing curtailment. Demand response—a common form of load
flexibility—has historically been deployed to reduce loads during crit-
ical peak demand periods. However, demand response could also be
deployed to increase loads during oversupply events to mitigate PV
curtailment (Golden and Paulos, 2015). For instance, demand response
programs could control electric water heaters to use otherwise curtailed
PV output to heat water. Electric vehicle chargers could similarly be
leveraged to charge electric vehicles during potential curtailment
events. Smart thermostats are another common demand response
resource. However, smart thermostats are less likely to be effective in
managing PV curtailment given that curtailment tends to peak on days
when air conditioning loads are relatively low. Load flexibility could
also be leveraged on an industrial scale. For instance, otherwise cur-
tailed PV output could provide a low- or no-cost input for intermittent
industrial processes such as hydrogen fuel production and desalination.

4 At least some PV output is lost, generally on the order of 20%, when PV is
stored and re-dispatched. From a grid perspective, the round-trip efficiency
losses associated with storage represent curtailed PV output. Thus storage of PV
output cannot fully eliminate curtailment.
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Capitalizing on low- or no-cost PV for industrial processes is a suggested
area for future research.

Finally, regional coordination can reduce the need for PV curtail-
ment because, all else equal, larger systems are more reliable and more
flexible (Golden and Paulos, 2015). In some cases, regional coordination
is not possible, such as on remote islands. But in other cases, regional
coordination can be enhanced through increased regional transmission
capacity (e.g., Chile, China) or simply through market measures (e.g.,
California EIM).

4. PV curtailment in evolving grid and technological contexts

Curtailment has generally been defined as any situation in which a
variable generator (e.g., PV) generates less than its potential output
(Bird et al., 2016). Further, PV curtailment has often been framed as a
loss, given that effectively free electricity goes unused (Henriot, 2015).
PV curtailment often represents foregone opportunities to reduce the
emissions intensity of the grid. Curtailment reduces PV project eco-
nomics and could hinder future PV deployment by reducing the ability
of developers to finance their projects (Golden and Paulos, 2015). As a
result of these perceived negative impacts, curtailment is frequently
discouraged, such as through rules that require compensation for cur-
tailed output (e.g., German Renewable Energy Act) or through inter-
connection rules that effectively prohibit systems that would result in
curtailment.

However, changing grid and technological contexts require a reex-
amination of the definition of curtailment and its stigma (Table 1). In the
grid context, it is increasingly clear that curtailment prevention is not a
viable or cost-effective option on grids with high PV penetration (Bal-
tensperger et al., 2017; Nelson et al., 2018; Nelson and Wisland, 2015;
Sterling et al., 2017). Beyond some critical PV penetration it becomes
more efficient to seek an optimal rather than a minimal level of
curtailment (Henriot, 2015; Klinge Jacobsen and Schroder, 2012; Olson
et al., 2014; Putnam and Perez, 2018; Schermeyer et al., 2018; Solomon
etal., 2019). In the technological context, emerging technologies such as
advanced inverters and low-cost battery storage are making PV systems
more flexible and capable of providing non-generation services (Ghosh
et al., 2017; Loutan et al., 2017; Luthander et al., 2017; Nelson et al.,
2018; Sterling et al., 2017), and various national policies increasingly
require these advanced capabilities (e.g., FERC Orders 827 and 828 in
the United States). Grid and market customs that aim to prevent PV
curtailment may undercut the ability of grid operators to use PV to
provide non-generation services.

As PV curtailment becomes an increasingly common and perhaps
valuable component of PV deployment, grid operators and planners may
need to shift from a stance of curtailment prevention toward curtailment
management. (Tabone et al., 2016) find that PV can provide additional
reserves (up and down) by curtailing less than 5% generation in Cali-
fornia grid system. Nelson et al. (2018) provide a modeling case study of
how actively managed curtailment can increase the value of PV to the
grid, increase the amount of PV on the grid, and (paradoxically) reduce
the share of PV that is curtailed.

Looking forward, PV curtailment is likely to increase in the near and
long term. Indeed, about 8% of potential PV output was curtailed in
California in the first five months of 2020—though this significant in-
crease is at least partially due to depressed demand associated with the
coronavirus pandemic (St. John, 2020)—and PV curtailment has
recently emerged in new markets such as Australia and Japan. Further,
an increasing number of countries and states are committing to high
levels of renewable energy, with targets often exceeding 80% of gen-
eration derived from renewables. PV—given its increasingly attractive
economics—is likely to play a crucial role in meeting these targets. PV
curtailment will likely increase as PV deployment outpaces deployment
of measures to curb curtailment—such as battery storage and industrial
uses (e.g., hydrogen fuel production). Even with expansions of curtail-
ment management measures, curtailment will likely become
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increasingly commonplace on future grids with high levels of renewable
energy penetration (Jenkins et al., 2018). There are numerous open
questions on the future trajectory of PV curtailment. Future researchers
could study the geographic, technological, and temporal factors that will
determine future PV curtailment trends.

5. Conclusion

In 2018, more than 1% of potential PV output was curtailed in Chile,
China, and several U.S. markets (Arizona, California, Hawaii, Texas). PV
curtailment is likely to increase in these and other markets as PV
penetration increases. At the same time, increasing grid flexibility and
technological advances such as low-cost battery storage could obviate
some future PV curtailment.

Differences in regional PV curtailment levels primarily reflect dif-
ferences in policy and grid planning practices, geographical constraints,
and seasonal cycles. Policy and grid planning practices can influence
where, when, and how much PV is curtailed. For example, the California
EIM resulted in some shifting of PV curtailment from California into
Arizona. In terms of geographical constraints, limited transmission ca-
pacity between solar-heavy regions and load centers is a key driver of PV
curtailment in regions such as Chile, China, and Texas. In each case, grid
planners have responded with initiatives to increase transmission ca-
pacity connecting the solar resources to load centers. Finally, seasonal
cycles explain curtailment patterns to varying degrees in different
markets. Curtailment tends to peak in the spring and fall when PV output
is relatively high but electricity demand is relatively low.

Curtailment is generally framed as a loss, and various grid and
market customs discourage PV curtailment. However, changing grid and
technological contexts are forcing a re-examination of PV curtailment
and its stigma. In the grid context, as grids reach higher levels of PV
penetration it becomes more efficient to emphasize an optimal rather
than a minimal PV curtailment level. In the technological context,
emerging technologies such as advanced inverters may allow grid op-
erators to withhold PV output to provide a variety of grid services such
as capacity reserves and frequency regulation. Grid and market customs
that discourage curtailment could undercut the ability of grid operators
to utilize PV to provide these ancillary services. A shift in thinking to-
ward curtailment management rather than prevention could increase the
value of delivered and curtailed PV output to the grid. Various grid
flexibility measures—including flexible generation, storage, load flexi-
bility, and regional coordination—could be key components of a
curtailment management scheme.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was authored in part by Alliance for Sustainable Energy,
LLC, the manager and operator of the National Renewable Energy
Laboratory for the U.S. Department of Energy (DOE) under Contract No.
DE-AC36-08G028308. Funding provided by U.S. Department of Energy
Office of Energy Efficiency and Renewable Energy Solar Energy Tech-
nologies Office. The views expressed in the article do not necessarily
represent the views of the DOE or the U.S. Government. The U.S. Gov-
ernment retains and the publisher, by accepting the article for publi-
cation, acknowledges that the U.S. Government retains a nonexclusive,
paid-up, irrevocable, worldwide license to publish or reproduce the
published form of this work, or allow others to do so, for U.S. Govern-
ment purposes.

For reviewing previous versions of this work, the authors would like
to thank Guillermo Bautista Alderete (California Independent System



E. O’Shaughnessy et al.

Operator), Cynthia Bothwell (U.S. Department of Energy), Wesley Cole
(National Renewable Energy Laboratory), Paul Denholm (National
Renewable Energy Laboratory), Kelsey Horowitz (National Renewable
Energy Laboratory), Jeremiah Miller (U.S. Department of Energy),
Jimmy Nelson (Energy and Environmental Economics, Inc.), and John
Sterling (First Solar). The authors would like to thank the following
individuals and their companies for participating in interviews to sup-
port this study: Mark Ahlstrom (NextEra), Bradley Albert (Arizona
Public Service), Jose Aponte (Tampa Electric), Lauren Briggs (Tucson
Electric Power), Lisa Dangelmaier (Hawaii Electric Light), Ted Davido-
vich (Smart Electric Power Alliance), Dave Maggio (Electricity Reli-
ability Council of Texas), Phil Pettingill (California Independent System
Operator), Michael Pfeister (Salt River Project), Mark Rothleder (Cali-
fornia Independent System Operator), Mike Simpson (AES Distributed
Energy), John Sterling (First Solar), and Aaron Townsend (Electricity
Reliability Council of Texas).

References

(BNEF), B.N.E.F., 2017. Mapping China Renewables Curtailment and Coal Risks.
Bloomberg New Energy Finance.

(HECO), H.E.C., 2019a. Key Performance Metrics - Renewable Energy. https://www.
hawaiianelectric.com/about-us/key-performance-metrics/renewable-energy
(Accessed 2019-04-11).

(HECO), H.E.C., 2019b. Reliability Standards Working Group (RSWG) Monthly Reports.
Hawaii Public Utilities Commission, Honolulu, HI.

AEMO, 2020. Quarterly Energy Dynamics. Australian Energy Market Operator.

Baltensperger, D., Buechi, A., Sevilla, F.R.S., Korba, P., 2017. Optimal integration of
battery energy storage systems and control of active power curtailment for
distribution generation. IFAC-PapersOnLine 50 (1), 8856-8860.

Bird, L., Lew, D., Milligan, M., Carlini, E.M., Estanqueiro, A., Flynn, D., Gomez-
Lazaro, E., Holttinen, H., Menemenlis, N., Orths, A., Eriksen, P.B., Smith, J.C.,
Soder, L., Sorensen, P., Altiparmakis, A., Yasuda, Y., Miller, J., 2016. Wind and solar
energy curtailment: A review of international experience. Renew. Sustain. Energy
Rev. 65, 577-586.

BMWi, 2018. EEG 2017. Federal Ministry for Economic Affairs and Energy.

BMWi, 2019. Quarterly Report on Network and System security measures Full year and
fourth quarter of 2018. Federal Ministry for Economic Affairs and Energy.

Bossman, T., Barberi, P., Fournié, L., 2018. Effect of High Shares of Renewables on Power
Systems. European Commission.

Bun-desnet-za-gen-tur, 2018. EEG in Numbers. Bundesnetzagentur.

CAISO. Managing Oversupply, 2019a.

CAISO, 2019b. Western EIM Benefits Report. CAISO, Folsom, CA.

CEN, 2017. Sistemas Eléctricas de Chile 2017. Coordinador Eléctrico Nacional.

CEN, 2018. Vertimiento de ERNC en el Norte Chico se redujo 80% con interconexién
SING-SIC. Coordinador Eléctrico Nacional.

China Power, 2016. Inner Mongolia West - Tianjin Nan 1000kv UHVAC line is officially
in operation [translated].

CNE, 2018. Informe Técnico Preliminar Plan de Expansién Anual de Transmisién Ano
2018. Comision Nacional de Energfa.

Cochran, J., Miller, M., Zinaman, O., Milligan, M., Arent, D., Palmintier, B.,

O’Malley, M., Mueller, S., Lannoye, E., Tuohy, A., Kujala, B., Sommer, M.,
Holttinen, H., Kiviluoma, J., Soonee, S.K., 2014. Flexibility in 21st Century Power
Systems. National Renewable Energy Laboratory, Golden CO.

Cole, W., Beppler, R., Zinaman, O., Logan, J., 2016. Considering the Role of Natural Gas
in the Deep Decarbonization of the U.S. Electricity Sector. The Joint Institute for
Strategic Energy Analysis, Golden, CO.

Deign, J., 2019. Germany Sees Solar Installations Spike to Nearly 3GW in 2018.
GreenTech Media.

Denholm, P., Novacheck, J., Jorgenson, J., O’Connell, M., 2016. Impact of Flexibility
Options on Grid Economic Carrying Capacity of Solar and Wind: Three Case Studies.
National Renewable Energy Laboratory.

Denholm, P., O’Connell, M., Brinkman, G., Jorgenson, J., 2015. Overgeneratunion from
Solar Energy in California: A Field Guide to the Duck Chart. National Renewable
Energy Laboratory, Golden, CO.

Electric Reliability Council of Texas (ERCOT), 2018. Report on Existing and Potential
Electric System Constraints and Needs December 2018.

Electric Reliability Council of Texas (ERCOT). 60-Day Security-Constrained Economic
Dispatch Disclosure Reports, 2019.

Energia Abierta, 2019. Capacidad Instalada de Generacién Total en Chile. Comision
Nacional de Energia.

Ghosh, S., Rahman, S., Pipattanasomporn, M., 2017. Distribution voltage regulation
through active power curtailment with PV inverters and solar generation forecasts.
IEEE Trans. Sustain. Energy 8 (1), 13-22.

Golden, R., Paulos, B., 2015. Curtailment of renewable energy in California and Beyond.
Electricity J. 28 (6), 36-50.

HECO, KIUC, 2019. Renewable Portfolio Standards (RPS) Annual Reports (Electric,
Docket 2007-0008). Hawaii Public Utilities Commission, Honolulu, HI.

Henriot, A., 2015. Economic curtailment of intermittent renewable energy sources.
Energy Econ. 49, 370-379.

1076

Solar Energy 208 (2020) 1068-1077

Hildebrandt, E., Blanke, A., Kurlinski, R., Avalos, R., Castelhano, M., Deshmukh, A.,
Koppolu, S., Kuna, J., Maxson, S., McCown, C., Prendergast, P., O’Connor, P.,
Sanada, C., Swadley, A., Robinson, D., Rudder, B., Westendorf, K., 2019. 2018
Annual Report on Market Issues & Performance. California ISO.

Hledik, R., Chang, J., Lueken, R., Pfeifenberger, J., Imon Pedtke, J., Vollen, J., 2018. The
Economic Potential for Energy Storage in Nevada. The Brattle Group.

International Energy Agency (IEA), 2018. World Energy Outlook 2018. International
Energy Agency.

ISE, F., 2019. Annual Electricity Generation in Germany in 2018. Fraunhofer ISE.

ISE, F., 2020. Net installed electricity generation capacity in Germany.

Jenkins, J., Luke, M., Thernstrom, S., 2018. Getting to Zero Carbon Emissions in the
Electric Power Sector. Joule 2, 2498-2510.

Klinge Jacobsen, H., Schroder, S.T., 2012. Curtailment of renewable generation:
Economic optimality and incentives. Energy Policy 49, 663-675.

Krauter, S., 2018. Simple and effective methods to match photovoltaic power generation
to the grid load profile for a PV based energy system. Solar Energy 159, 768-776.

Lian, J., Zhang, Y., Ma, C., Yang, Y., Chaima, E., 2019. A review on recent sizing
methodologies of hybrid renewable energy systems. Energy Convers. Manage. 199.

Loutan, C., Klauer, P., Chowdury, S., Hall, S., Morjaria, M., Chadliev, V., Milam, N.,
Milan, C., Gevorgian, V., 2017. Demonstration of Essential Reliability Services by a
300-MW Solar Photovoltaic Power Plant. National Renewable Energy Laboratory,
Golden CO.

Luthander, R., Lingfors, D., Widén, J., 2017. Large-scale integration of photovoltaic
power in a distribution grid using power curtailment and energy storage. Solar
Energy 155, 1319-1325.

Maloney, P., 2019. Calif. sets record for solar, renewable curtailments. https://www.pu
blicpower.org/periodical/article/calif-sets-record-solar-renewable-curtailments
(Accessed 2/6/2020).

Masson, G., Kaizuka, 1., Detollenaere, A., Lindahl, J., 2019. 2019 Global Snapshot of
Global PV Markets. International Energy Agency.

Matus, M., Benavides, C., Rahmann, C., Pereira, E., Bassi, V., Alvarez, R., Toro, C.,
Riquelme, F., 2016. Estudio de Integracion de ERNC al Sistema Interconectado
Nacional. Centro de Despacho Econémico de Carga Sistema Interconectado Central.

McLaren, J., 2015. Advanced Inverter Functions to Support High Levels of Distributed
Solar. National Renewable Energy Laboratory.

National Development and Reform Commission (NDRC), 2018. Renewable Energy
Integration Plan 2018-2020 [translated]. National Development and Reform
Commission.

National Energy Administration (NEA), 2016. Solar PV Generation Year 2015
[translated]. National Energy Administration.

National Energy Administration (NEA), 2017. Northwest China Renewable Energy
Planning and Operation Monitoring Report [translated]. National Energy
Administration.

National Energy Administration (NEA), 2019a. Solar PV Generation Q3 Year 2019
[translated].

National Energy Administration (NEA), 2019b. Solar PV Generation Year 2018
[translated]. National Energy Administration.

Nelson, J., Kasina, S., Stevens, J., Moore, J., Olson, A., Morjaria, M., Smolenski, J.,
Aponte, J., 2018. Investigating the economic value of flexible solar power plant
operation. Energy + Environ. Econ.

Nelson, J., Wisland, L., 2015. Achieving 50 Percent Renewable Electricity in California.
Union of Concerned Scientists.

Northwest China Energy Regulatory Bureau (NWCERB), 2019. Renewable Statistics in
Northwest China Year 2018. Northwest China Energy Regulatory Bureau.

Olson, A., Jones, R.A., Hart, E., Hargreaves, J., 2014. Renewable curtailment as a power
system flexibility resource. Electricity J. 27 (9), 49-61.

Perea, A., Smith, C., Davis, M., Mond, A., Gallagher, B., Simon, B., Rumery, S., Holm, A.,
Goldstein, R., Baca, J., 2019. U.S. Solar Market Insight: 2018 Year in Review. Solar
Energy Industries Association / Wood Mackenzie Power & Renewables.

Perez, M., Perez, R., Rabago, K.R., Putnam, M., 2019. Overbuilding & curtailment: The
cost-effective enablers of firm PV generation. Solar Energy 180, 412-422.

Putnam, M., Perez, M., 2018. Solar Potential Analysis Report. Clean Power Research.

Roselund, C., 2019. California sets a new solar output record — and it isn’t even spring
yet. https://pv-magazine-usa.com/2019/03/18/california-sets-a-new-solar-output-
record-and-it-isnt-even-spring-yet/ (Accessed 2/6/2020).

Schermeyer, H., Vergara, C., Fichtner, W., 2018. Renewable energy curtailment: A case
study on today’s and tomorrow’s congestion management. Energy Policy 112,
427-436.

Solomon, A.A., Bogdanov, D., Breyer, C., 2019. Curtailment-storage-penetration nexus in
the energy transition. Appl. Energy 235, 1351-1368.

St. John, J., 2020. California Renewables Curtailments Surge as Coronavirus Cuts Energy
Demand, GreenTech Media.

Sterling, J., Stearn, C., Davidovich, T., Quinlan, P., Pang, J., Vlahoplus, C., 2017.
Proactive Solutions to Curtailment Risk: Identifying New Contract Structures for
Utility-Scale Renewables. Smart Electric Power Alliance.

Tabone, M.D., Goebel, C., Callaway, D.S., 2016. The effect of PV siting on power system
flexibility needs. Solar Energy 139, 776-786.

Tsukimori, O., 2018. Japan’s Kyushu Elec Restricts Renewable Energy Supplies for the
First Time, Reuters.

Valgesta Energia, 2019. Boletin Informativo.


https://www.hawaiianelectric.com/about-us/key-performance-metrics/renewable-energy
https://www.hawaiianelectric.com/about-us/key-performance-metrics/renewable-energy
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0025
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0025
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0025
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0030
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0030
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0030
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0030
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0030
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0085
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0085
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0085
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0085
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0095
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0095
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0125
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0125
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0125
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0130
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0130
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0140
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0140
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0150
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0150
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0170
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0170
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0175
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0175
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0180
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0180
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0190
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0190
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0190
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0190
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0195
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0195
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0195
https://www.publicpower.org/periodical/article/calif-sets-record-solar-renewable-curtailments
https://www.publicpower.org/periodical/article/calif-sets-record-solar-renewable-curtailments
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0205
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0205
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0250
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0250
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0260
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0260
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0270
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0270
https://pv-magazine-usa.com/2019/03/18/california-sets-a-new-solar-output-record-and-it-isnt-even-spring-yet/
https://pv-magazine-usa.com/2019/03/18/california-sets-a-new-solar-output-record-and-it-isnt-even-spring-yet/
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0285
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0285
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0285
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0290
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0290
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0305
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0305

E. O’Shaughnessy et al. Solar Energy 208 (2020) 1068-1077

Vandewalle, J., Bruninx, K., D’haeseleer, W., 2015. Effects of large-scale power to gas Holttinen, H., Charles Smith, J., 2015. International Comparison of Wind and Solar
conversion on the power, gas and carbon sectors and their interactions. Energy Curtailment Ratio, WIW2015 Workshop Brussels. Brussels.
Convers. Manage. 94, 28-39. Ye, L.-C., Rodrigues, J.F.D., Lin, H.X., 2017. Analysis of feed-in tariff policies for solar
Yasuda, Y., Flynn, D., Lew, D., Bird, L., Forcione, A., Martin-Martinez, S., Carlini, E., photovoltaic in China 2011-2016. Appl. Energy 203, 496-505.

Go6mez Lazaro , E., McCann, J., Estanqueiro, A., Higgins, P., Menemenlis, N.,

1077


http://refhub.elsevier.com/S0038-092X(20)30916-6/h0320
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0320
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0320
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0330
http://refhub.elsevier.com/S0038-092X(20)30916-6/h0330

	Too much of a good thing? Global trends in the curtailment of solar PV
	1 Introduction
	2 PV curtailment in key markets
	2.1 Chile
	2.2 China
	2.3 Germany
	2.4 United States
	2.4.1 California
	2.4.2 Texas
	2.4.3 Arizona
	2.4.4 Hawaii

	2.5 Summary of key market curtailment trends

	3 Available measures to address increasing curtailment
	4 PV curtailment in evolving grid and technological contexts
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References


