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Abstract 

As the amount of solar and wind generation capacity installed in a region grows, there will increasingly 
be periods during which a portion of the potential renewable generation will need to be curtailed to 
maintain the stability of the electric grid. Across markets worldwide, average curtailment rates for wind 
and solar are generally quite low, often around 3%. However, these low average curtailment rates may 
overstate how much renewable supply increases as a result of further increases in renewable capacity. 
Using historical hourly generation and curtailment data from California’s electricity market, we estimate 
that only 90% of the midday output supplied by new solar and wind capacity goes towards increasing 
the state’s renewable supply – with the remaining 10% being discarded in the form of increased 
curtailments. 

 

Main 

By offsetting electricity production from conventional sources, investments in renewable capacity (e.g., 
solar panels, wind turbines) can reduce the fuel, operating, and environmental costs incurred by the 
electricity sector. Understanding the magnitude of these avoided costs plays an important role in 
guiding a variety of decisions – e.g., where should renewable investments be targeted and how large 
should renewable subsidies be? 

Quantifying the short-run costs avoided by new solar panels or wind turbines requires answering two 
questions:  1) how many megawatt hours (MWh) will the new capacity supply, and 2) how large are the 
costs avoided by each MWh supplied? Recent empirical studies focus extensively on the second 
question, identifying the costs avoided by supplying renewable energy to a grid [1, 2, 3, 4, 5, 6, 7, 8]. In 
contrast, less attention has been paid to the first question – how much will renewable supply increase 
with investments in new capacity? Previous empirical analyses generally assume that the amount 
supplied by new renewable capacity is determined solely by nature (e.g., wind speeds, solar irradiance) 
[4, 9, 10]. 

In practice, however, not all of the energy that could be produced by new renewable capacity will be 
supplied. Instead, as the amount of renewable capacity in a region grows, there will be periods when the 
amount of renewable electricity that could be generated exceeds what the grid can absorb. 
Consequently, a portion of the potential renewable output will be cut back, or curtailed. 
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Case studies from around the world highlight that average renewable curtailment rates are generally 
quite low, typically around 3% [11, 12]. However, these curtailment rates capture the share of output 
curtailed across the entire stock of renewable capacity in a region – not the share of output curtailed 
from new renewable investments. To provide a better understanding of the short-run benefits provided 
by renewable investments, we present empirical estimates of the share of the potential output 
generated by new renewable capacity that goes towards increasing renewable supply as opposed to 
increasing curtailments. 

Our analysis focuses on California’s electricity market overseen by the California Independent System 
Operator (CAISO). Similar to other regions with sizable renewable penetrations, CAISO’s average 
curtailment rates are low. From July 2018 through September 2022, only 4.3% of the total generation 
from utility-scale solar was curtailed. However, our analysis reveals that the low average curtailment 
rate masks higher curtailment rates on the margin. We find that, in the short-run, 9.2% of the output 
that could be generated by an expansion in California’s utility-scale solar capacity would be curtailed. 

We find that these higher marginal curtailment rates are not unique to utility-scale solar. While only 
0.4% of CAISO’s total potential wind generation is curtailed during our sample period, we find that, on 
average, increasing wind generation by 1 MWh during the daytime causes an additional 0.1 MWh of 
utility-scale solar curtailment. That is, only 90% of the midday output generated by a new wind turbine 
will actually go towards increasing the state’s renewable supply – the remaining 10% will be curtailed 
through reductions in supply from solar. 

Similarly, while there is no mechanism for CAISO to curtail generation from small-scale, behind-the-
meter solar (e.g. rooftop solar), we present evidence that supplying an additional MWh from small-scale 
solar causes utility-scale solar curtailment to increase by 0.05 MWh, on average. Ultimately, abstracting 
from these higher marginal curtailment rates will lead to overestimation of the short-run benefits 
provided by renewable investments. 

Our analysis also contributes to a literature illustrating strategies for cost-effectively absorbing large 
quantities of intermittent renewables. While curtailments play an important role in minimizing the costs 
of achieving high levels of renewable production, engineering simulations highlight that a variety of 
complementary investments (e.g., transmission and storage capacity) and market and rule changes (e.g., 
dynamic retail prices, reduced minimum generation levels for conventional units) can reduce the 
amount of clean, low-marginal cost renewable generation that must be curtailed [13, 14, 15]. 
Complementing these simulation studies, our empirical results illustrate how immediate reductions in 
curtailment can be achieved by shifting electricity consumption to the midday hours. 

Average utility-scale curtailment rates 

By the end of 2021, over 6 gigawatts (GW) of wind capacity was installed in California and over 15 
gigawatts (GW) of utility-scale solar capacity, 25% of total US utility-scale solar capacity, was operating 
in California [16]. The California Energy Commission reports that, during 2021, output supplied by utility-
scale solar (33,260 GWh) and wind (15,173 GWh) accounted for 25% of the in-state, utility-scale 
generation [17]. In addition, the US Energy Information Administration estimates that 19,849 GWh was 
supplied by small-scale solar in California during 2021 [16]. 
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Importantly, the amount of renewable electricity supplied does not reflect the full amount of electricity 
that could have been generated from the installed capacity. Instead, CAISO’s historical curtailment data 
reveals that, in order to maintain the stability of the grid, potential solar or wind output was curtailed 
during 50% of the hours during 2021. 

While curtailments are common, the average curtailment rates remain low. From July 2018 through 
September 2022, 4.3% of the potential utility-scale solar output was curtailed. We define the potential 
solar output as the sum of the realized and curtailed solar generation. Over the same period, only 0.4% 
of the potential utility-scale wind generation was curtailed and, as there is no mechanism for CAISO to 
curtail small-scale solar, none of the potential output from small-scale solar units was curtailed. 
Aggregating across small and utility-scale solar and wind, the average curtailment rate was only 2.2%. 

While the average curtailment rates are low, there is substantial variation over time. Figure 1 displays 
the monthly average utility-scale solar and wind curtailment rates during our sample period. Solar 
curtailment rates consistently increase to their highest levels during the spring when solar production is 
high and demand for electricity is low. The figure also highlights that the average monthly curtailment 
rate for utility-scale solar has increased across years as solar capacity has grown. This pattern provides a 
clear signal that, on the margin, the share of potential output being curtailed from utility-scale solar 
capacity additions exceeds the average solar curtailment rate. 

 

Marginal utility-scale curtailments rates 

Our objective is to quantify how much of the potential output from new renewable capacity goes 
towards increasing renewable supply versus how much ends up being curtailed. To do so, we use data 
from July 2018 through September 2022 to estimate how the daily amount of curtailment changes when 
daily potential utility-scale solar or wind generation increases by a MWh. 

Column 1 of Table 1 displays estimates from a regression of the daily solar and wind curtailment on the 
daily potential generation from utility-scale solar and wind. To account for trends in renewable 
generation and curtailments, we include month-by-year fixed effects. We include the daily net demand 
in California and surrounding states, and the daily utility-scale solar and wind generation from the 
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surrounding states, to control for the possibility that fluctuations in electricity demand throughout the 
western US, as well as fluctuations in renewable production outside of California, could be correlated 
with California’s potential renewable generation and curtailments. Because small-scale, behind-the-
meter generation is unobserved, net demand is equal to the aggregate daily electricity consumption 
minus daily production from small-scale generation, which is almost exclusively small-scale solar. 
Columns 2 and 3 present estimates using the daily aggregate solar or wind curtailment separately as the 
dependent variable. 

Table 1: Average daily marginal curtailment effects of utility-scale solar, wind, and net demand 

 Dependent Variable 
 Total daily 

curtailment 
Utility-scale solar 

curtailment 
Utility-scale wind 

curtailment 
 (MWh) (MWh) (MWh) 
Potential utility-scale solar (MWh) 0.092*** 0.092*** 0.000 
 (0.016) (0.015) (0.001) 
    
Potential utility-scale wind (MWh) 0.029*** 0.023*** 0.005*** 
 (0.008) (0.008) (0.001) 
    
California net demand (MWh) -0.015*** -0.015*** -0.000 
 (0.004) (0.004) (0.000) 
    

N 1498 1498 1498 
R2 0.22 0.22 0.13 

             Newey-West standard errors in parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001. 
 

The estimate of the coefficient on daily potential solar reveal that, during the sample period, increasing 
daily potential utility-scale solar by 1 MWh causes daily solar curtailments to increase by 0.092 MWh, on 
average. When interpreting this coefficient, it is important to keep in mind that we do not observe 
renewable generation disaggregated across plants. Therefore, we cannot infer how an increase in solar 
generation at a specific location would affect curtailment. Instead, the coefficient estimate implies that, 
if there were small, proportional increases in the installed capacity across all existing CAISO utility-scale 
solar plants, 9.2% of the potential new output would be curtailed, far exceeding the average solar 
curtailment rate of 4.3%. 

Recall that, during the sample period, 0.4% of the potential utility-scale wind generation was curtailed. 
However, that does not imply that, if potential wind generation increased by 1 MWh, the quantity of 
renewable energy supplied would increase by 0.996 MWh. Instead, our estimate of the coefficient on 
daily potential wind generation from column 1 of Table 1 implies that, on average, increasing potential 
wind generation by 1 MWh results in an increase in renewable supply of 0.97 MWh. The remaining 0.03 
MWh ends up being curtailed – primarily through increased solar curtailments (columns 2 and 3). 

Of course, a large portion of the wind generation occurs overnight, when there is no solar generation to 
curtail. To quantify the marginal curtailment rate for wind during the daytime, we estimate the same 
model for individual hours of the day. The first two rows of Table 2 display the average change in hourly 
curtailment caused by a 1 MWh increase in potential utility-scale solar or wind from 10am through the 
5pm hour – the period when the vast majority of solar generation and curtailment occurs. The results 
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reveal that, from 10am through the 2pm hour, roughly 10% of each additional potential MWh of utility-
scale wind or solar output goes towards increasing the aggregate level of CAISO curtailment. 

Table 2: Average hourly marginal curtailment effects of utility-scale solar, wind, and net demand 

 Dependent Variable:  Total hourly utility-scale curtailment (MWh) 
 10am 11am Noon 1pm 2pm 3pm 4pm 5pm 

Potential 
utility-scale 
solar (MWh) 

0.072*** 0.106*** 0.102*** 0.113*** 0.119*** 0.125*** 0.127*** 0.082*** 
(0.015) (0.017) (0.016) (0.015) (0.014) (0.013) (0.010) (0.007) 

         
Potential 
utility-scale 
wind (MWh) 

0.112*** 0.119*** 0.122*** 0.129*** 0.101*** 0.066*** 0.025* 0.007 
(0.018) (0.018) (0.018) (0.018) (0.017) (0.015) (0.011) (0.007) 

         
California 
net demand 
(MWh) 

-0.053*** -0.046*** -0.040*** -0.027*** -0.024*** -0.013** -0.010** -0.005* 
(0.008) (0.008) (0.007) (0.007) (0.006) (0.005) (0.004) (0.002) 

N 1553 1553 1553 1553 1553 1553 1553 1553 
R2 0.23 0.26 0.26 0.25 0.23 0.23 0.23 0.17 

Newey-West standard errors in parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001. 
 
Curtailment impacts of small-scale solar 

Small-scale solar units in California were estimated to have produced over 77 GWh over our sample 
period, over 36% of California’s total solar generation. Given that there are currently no mechanisms for 
CAISO to curtail behind-the-meter solar, none of this output was curtailed. However, just as increases in 
utility-scale wind generation cause increases in utility-scale solar curtailment, increases in small-scale 
solar generation can increase utility-scale curtailment. 

Focusing on the bottom rows of Tables 1 and 2, the estimates of the coefficients on California’s net 
demand provide evidence that increases in small-scale solar output drive up utility-scale curtailment. 
Recall, net demand is equal to California’s electricity consumption minus production from small-scale, 
behind-the-meter renewable sources. Therefore, an increase in small-scale solar generation decreases 
net demand. The coefficient estimates on net demand displayed Tables 1 and 2 are all negative, 
suggesting that increases in small-scale solar output lead to increased utility-scale curtailment. However, 
most of the variation used to identify the coefficients on net demand in Tables 1 and 2 stems from 
fluctuations in electricity consumption, not variation in small-scale solar generation. Therefore, the 
estimates may misstate the impact of small-scale solar generation on curtailment. 

Ideally, just as we estimate the impact of potential utility-scale production on curtailments, we could 
directly estimate the impact of small-scale solar on curtailments. However, there are two impediments. 
First, we don’t observe hourly small-scale solar output. To overcome this constraint, we first estimate a 
time series of hourly small-scale solar generation utilizing four pieces of information:  monthly small-
scale solar production, hourly potential utility-scale solar output, and the monthly installed utility-scale 
and small-scale solar capacities in California. Imposing the assumption that the hourly capacity factors 
(i.e. the potential generation divided by the installed capacity) for utility-scale and small-scale solar are 
highly correlated, we are able to allocate the monthly small-scale solar output across the individual 
hours within each month. Our estimation procedure is described in the methods section. 
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With estimates of hourly small-scale solar output in hand, there is a second issue we must face. In 
particular, small-scale solar output and utility-scale solar output are highly correlated, preventing us 
from simultaneously estimating their individual impacts on curtailment. Instead, we augment the 
previous model to estimate how curtailment is affected by a change in the total potential solar 
production, i.e. the utility-scale potential solar generation and the estimated small-scale solar 
generation. With small-scale solar production included in the total solar production, we no longer 
control for the net demand. Instead, we control for the predicted total consumption, which is the 
observed net demand in California plus the predicted small-scale solar production. 

Table 3 displays the estimates of the average change in daily curtailment in response to a 1 MWh 
increase in daily total potential solar generation. The estimate effectively represents the weighted 
average of the marginal curtailment rate for utility-scale solar, which we found to be 9.2% (Table 1), and 
the marginal curtailment rate for small-scale solar, which is what we are interested in uncovering. Over 
the sample period, 65% of the total potential solar production came from utility-scale units and 35% 
came from small-scale units. Given the high level correlation between the two time series, the 
coefficient on the daily total potential solar will place roughly two-thirds weight on utility-scale solar’s 
impact on curtailment and one-third on small-scale solar’s impact. Hypothetically, if an increase in small-
scale solar caused no change in curtailment, then we would expect the average change in curtailment in 
response to a 1 MWh increase in total potential solar to be (0.65) ⋅ (0.092) + (0.35) ⋅ (0) = 0.06 
MWh. However, we find that curtailment increases by 0.078 MWh in response to a 1 MWh increase in 
total potential solar. This point estimate suggests that, on average, 5.2% of an additional MWh of small-
scale solar production is curtailed in the form of reduced supply from utility-scale units. 

Table 3: Average daily marginal curtailment effects of total solar, utility-scale wind, and consumption 

 Dependent Variable 
 Total daily 

curtailment 
Utility-scale 

solar curtailment 
Utility-scale 

wind curtailment 
 (MWh) (MWh) (MWh) 
Potential total solar (MWh) 0.078*** 0.078*** 0.000 
 (0.011) (0.010) (0.001) 
    
Potential utility-scale wind (MWh) 0.028*** 0.023*** 0.005*** 
 (0.008) (0.008) (0.001) 
    
Total California consumption (MWh) -0.015** -0.015*** -0.000 
 (0.004) (0.004) (0.000) 
    

N 1498 1498 1498 
R2 0.22 0.22 0.13 

             Newey-West standard errors in parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001. 
 

Figure 2 displays the coefficient estimates of from the new model estimated separately for each hour of 
the day. The point estimates represent how the aggregate hourly curtailment changes on average in 
response to a 1 MWh increase in total potential solar or wind generation as well as a 1 MWh increase in 
consumption. Again, the coefficients on total solar are only slightly attenuated towards zero compared 
to the corresponding estimates of the impact of utility-scale potential solar from Table 2, suggesting 
again that increases in small-scale solar throughout the day increase utility-scale solar curtailment. 
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Discussion and conclusions 

Average curtailment rates for solar and wind are typically quite low. In California, nearly 98% of the total 
potential solar and wind generation from July 2018 through September 2022 was ultimately supplied to 
the grid. However, our results reveal this does not mean that 98% of the potential output from new 
renewable capacity additions will go towards increasing renewable supply. Instead, the figure is 
meaningfully lower for two reasons. 

First, the curtailment rate for marginal increases in renewable output exceeds the average curtailment 
rate. While the average curtailment rate for California’s utility-scale solar was below 5% during our 
study period, we estimate the marginal curtailment rate was nearly 10%. This result suggests that, 
absent meaningful infrastructure or market changes, approximately 90% of the potential output from 
increases in utility-scale solar capacity will go towards increasing the state’s renewable supply. 

Second, the 0.4% average curtailment rate for utility-scale wind, and the zero curtailment rate for small-
scale solar, understate the true impacts the technologies have on curtailment due to the spillover 
effects illustrated by our results. In particular, we find that increasing the supply from wind turbines 
increases utility-scale solar curtailments. During the midday hours, an additional MWh of wind 
generation reduces utility-scale solar supply by 0.1 MWh – i.e. midday wind’s marginal curtailment rate 
is effectively 10%. Similarly, a 1 MWh increase in small-scale solar only increases the total renewable 
supply by 0.95 MWh – with the remaining 0.05 MWh being curtailed at utility-scale solar units. 

When evaluating the benefits provided by increases in renewable capacity, it is important to consider 
these marginal curtailment rates. For example, empirical studies often seek to quantify the emissions 
avoided by renewable investments [4, 7, 9, 10]. In the case of California’s market, if it is assumed that 
100% of the potential output from new, utility-scale wind or solar units will go towards expanding the 
state’s renewable production, the resulting estimates of the short-run emissions reductions will be 
overstated by roughly 10% for solar and 3% for wind. 

The results also have  implications for how we compensate households with rooftop solar. Previous 
research highlights that California’s rooftop solar incentives are based largely on net energy metering 
(NEM) [18, 19, 20]. For each kWh generated by a rooftop solar unit, a household avoids the full retail 
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price of electricity they would have paid for that kWh. Given that the marginal social cost of producing 
an additional kWh is typically far lower than the retail price paid by California consumers, this approach 
effectively overpays households for their solar generation [21]. Our results highlight that the 
overpayment for rooftop solar is even more pronounced than previously thought. When households 
supply solar to the grid, only 95% of the output goes towards increasing the state’s renewable supply, 
with the remaining 5% resulting in utility-scale curtailments. This finding provides further support for 
ongoing efforts to reduce how much households are compensated for rooftop solar output. 

Finally, our results also highlight the role that load shifting can play as renewable production expands. 
Figure 4 reveals that, between 9am and 2pm, increasing consumption by 1 MWh results in curtailment 
falling by an average of 0.05 MWh. In contrast, curtailment does not meaningfully respond to changes in 
consumption during other hours. These results illustrate that curtailments would be reduced by roughly 
0.05 MWh for each MWh of demand shifted from the non-midday hours to the middle of the day. While 
the state has recently transitioned towards default time-of-use pricing for the vast majority of 
customers, there are currently very weak incentives for consumers to shift consumption specifically to 
the midday hours. For example, of the three large investor owned utility providers, only San Diego Gas & 
Electric currently charges a lower retail price during the 10am-2pm window compared to the 
surrounding hours. In contrast, Pacific Gas & Electric’s and Southern California Edison’s default time of 
use plans charge the same retail rate across all hours outside of the peak 4pm to 9pm window. To 
provide stronger signals for consumers to shift consumption to the midday hours when curtailment is 
occurring, it will be important for the retail rates to fall to their lowest levels during the midday hours. 

 

Methods 

Data sources 

CAISO reports the amount of energy curtailed during 5-minute intervals from all utility-scale solar and 
wind plants in CAISO’s territory. We aggregate these interval curtailments up at the daily (hourly) levels 
to generate our three outcome variables of interest used throughout the analysis: the aggregate daily 
(hourly) CAISO utility-scale solar curtailment, the aggregate daily (hourly) CAISO utility-scale wind 
curtailment, and the aggregate daily (hourly) total utility-scale curtailment. Note, the CAISO footprint 
does not cover the entirety of California. Given that we do not observe curtailments that may be 
occurring at non-CAISO utility-scale solar and wind plants, the curtailment levels we observe will slightly 
understate the full amount of energy curtailed in California. However, this is not a major shortcoming. 
According to US Energy Information Administration’s EIA-930 data, during 2021, 89% of the California’s 
utility-scale solar generation, and 96% of the state’s utility-scale wind generation, was supplied by CAISO 
units, suggesting that we observe the vast majority of curtailment occurring in the state. 

The hourly utility-scale solar and wind generation from California, as well as the surrounding states ( 
Oregon, Nevada, Arizona), come from the EIA-930 dataset. Using the CAISO curtailment data and the 
supply data from the EIA-930 data, we generate two new variables:  California’s hourly potential utility-
scale generation, which is the sum of the hourly utility-scale supply and the hourly utility-scale solar 
curtailments, and California’s hourly potential utility-scale wind generation. 
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In addition to the solar and wind generation, the EIA-930 data also provides the hourly net-demand in 
California as well as the surrounding states. The net-demand is equal to the total quantity of electricity 
consumed in the state minus any generation from small-scale, behind-the-meter generation sources 
(primarily rooftop solar units). 

Econometric model 

To quantify how marginal changes in the potential generation from utility-scale solar and wind affect the 
aggregate amount of energy curtailed in CAISO, we estimate the following model using daily 
observations from July 2018 through September 2022: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑  =  𝛽𝛽1 ⋅ 𝑆𝑆𝑑𝑑  +  𝛽𝛽2 ⋅ 𝑊𝑊𝑑𝑑  + 𝛽𝛽3 ⋅ 𝑁𝑁𝐶𝐶𝐶𝐶 𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 +  𝜽𝜽 ⋅ 𝑿𝑿𝑑𝑑  + 𝛼𝛼𝑚𝑚,𝑦𝑦 + 𝜀𝜀𝑑𝑑 (1) 

where 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑 is the aggregate amount of curtailed energy (measured in MWh) on day 𝑑𝑑 from 
either CAISO utility-scale solar units, CAISO utility-scale wind units, or combined CAISO solar and wind 
curtailment. 𝑆𝑆𝑑𝑑 and 𝑊𝑊𝑑𝑑 are the daily levels of utility-scale solar and wind generation that could be 
produced in California had there been no curtailment – i.e. the sum of the observed solar or wind supply 
(from the EIA-930 data) plus the observed solar or wind curtailment. 𝑁𝑁𝐶𝐶𝐶𝐶 𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 is the net demand 
for electricity in California – i.e. the total electricity consumed in the state minus generation from small-
scale, behind-the-meter sources. By including the net demand, we are controlling for the fact that 
weather-driven demand shocks will likely be correlated with both the level of curtailment as well as the 
level of renewable production. Similarly, to control for the fact that consumption and renewable 
production outside of California can be correlated with renewable production and curtailments in 
California, the vector 𝑿𝑿𝑑𝑑 includes controls for the daily level of net-demand and the daily level of utility-
scale solar and wind generation in the surrounding states. Finally, to flexibly control for trends in 
curtailment and renewable production, we include month-by-year fixed effects (𝛼𝛼𝑚𝑚,𝑦𝑦). Estimates of the 
three coefficients of interest (𝛽𝛽1,𝛽𝛽2,𝛽𝛽3) are reported in Table 1. Note, 𝛽𝛽1 and 𝛽𝛽2 represent how much 
aggregate, CAISO-wide curtailment changes, on average, in response to a 1 MWh increase in potential 
daily utility-scale solar and wind generation, respectively. We report Newey-West standard errors for 
the coefficient estimates in Table 1 to allow for arbitrary serial correlation of up to 5 lags in the error 
term. 

In addition, to explore how the marginal curtailment impacts differ across hours of the day, we re-
estimate the general model above using hourly data: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ,𝑑𝑑  =  𝛽𝛽1,ℎ ⋅ 𝑆𝑆ℎ,𝑑𝑑  + 𝛽𝛽2,ℎ ⋅ 𝑊𝑊ℎ,𝑑𝑑  + 𝛽𝛽3,ℎ ⋅ 𝑁𝑁𝐶𝐶𝐶𝐶 𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑ℎ,𝑑𝑑 + 𝜽𝜽𝒉𝒉 ⋅ 𝑿𝑿ℎ,𝑑𝑑  + 𝛼𝛼ℎ,𝑚𝑚,𝑦𝑦 + 𝜀𝜀ℎ,𝑑𝑑   (2) 

where 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ,𝑑𝑑 is the aggregate level of CAISO curtailment during hour ℎ of day 𝑑𝑑 and 𝑆𝑆ℎ,𝑑𝑑, 
𝑊𝑊ℎ,𝑑𝑑, and 𝑁𝑁𝐶𝐶𝐶𝐶 𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑ℎ,𝑑𝑑 are the hourly levels of potential California utility-scale solar generation, 
potential California utility-scale wind generation, and California net demand. The vector 𝑿𝑿ℎ,𝑑𝑑 now 
controls for the hourly net demand and hourly solar and wind generation in the surrounding states. 
Given that we can only estimate 𝛽𝛽1,ℎ during the hours for which there is observed variation in potential 
solar generation, we estimate the model separately for each hour between 10am and 6pm. Note, these 
are the hours during which the vast majority of curtailment occurs during our sample period, thus these 
are the primary hours of interest. The estimates of the key coefficients are displayed in Table 2, again 
with Newey-West standard errors to account for arbitrary serial correlation up to a 5 day lag. 
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Estimates of hourly small-scale solar 

To estimate how curtailments are affected by marginal changes in the total amount of potential solar 
generation – i.e. the sum of utility-scale and small-scale solar potential – we need to first estimate the 
hourly level of small-scale solar generation. Estimates of the monthly aggregate small-scale solar 
generation in California is provided by the US Energy Information Administration’s Electric Power 
Monthly reports [22]. In addition, the reports record the monthly installed utility-scale and small-scale 
solar capacity. 

Using the observed, monthly potential utility-scale solar generation (the observed supply plus 
curtailments) and the monthly installed utility-scale solar capacity, we calculate the monthly utility-scale 
solar capacity factor for California. The capacity factor is equal to the ratio of the total potential 
generation during the month (measured in MWh) divided by the product of the installed capacity 
(measured in MW) and the number of hours during the month. Similarly, we calculate the monthly 
small-scale solar capacity factors for California. Figure 3 displays the monthly potential capacity factors 
for utility-scale and small-scale solar in California from July 2018 through September 2022. 

 

Figure 3 highlights that California’s utility-scale capacity factors are uniformly higher than the small-scale 
capacity factors. This difference arises for a couple of reasons. California’s utility-scale solar plants are 
primarily sited in inland, exposed areas with higher average levels of solar irradiance than the small-
scale solar units which are located primarily in population centers. Despite the differences in location, 
however, Figure 3 demonstrates that, at the monthly level, large-scale capacity factors are highly 
correlated with the small-scale capacity factors. We ultimately exploit this relationship to predict the 
hourly small-scale solar capacity factors. 

Importantly, however, Figure 3 also highlights that the difference between the utility-scale and small-
scale capacity factors is not constant, but rather, varies across seasons. These differences are not simply 
due to differences in the location. Instead, they arise in large part due to technological differences. The 
angle at which the sun hits a solar panel is one of the key determinants of the panel’s efficiency. Solar 
panels will produce more efficiently when the sun is directly perpendicular to them. While utility-scale 
solar arrays are typically able to rotate on one or two axes to ensure they remain oriented perpendicular 
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to the sun throughout the day and across seasons, small-scale ground-mounted or rooftop units are 
almost exclusively fixed tilt installations that are unable to rotate with the sun. 

Ultimately, our objective is to estimate the unobserved small-scale solar capacity factors (𝐶𝐶𝐹𝐹ℎ,𝑑𝑑
𝑆𝑆 ) for 

each hour (ℎ) of each day (𝑑𝑑) using the observed hourly utility-scale solar capacity factors (𝐶𝐶𝐹𝐹ℎ,𝑑𝑑
𝑈𝑈 ). 

Accordingly, we must account for not only the average gap between the capacity factors, but also the 
systematic time-of-day and seasonal differences that arise due the technological differences. To do so, 
we first assume that the hourly small-scale capacity factor can be flexibly modeled as a function of the 
hourly utility-scale capacity factor using the following specification: 

𝐶𝐶𝐹𝐹ℎ,𝑑𝑑
𝑆𝑆 = 𝐶𝐶𝐹𝐹ℎ,𝑑𝑑

𝑈𝑈 �𝛼𝛼1 + 𝛼𝛼2 ∙ 𝐴𝐴ℎ,𝑑𝑑� + 𝜖𝜖ℎ,𝑑𝑑       (3) 

where 𝐴𝐴ℎ,𝑑𝑑 is the elevation angle of the sun, which measure the angular height of the sun in the sky 
measured from the horizontal. The elevation angle varies across hours of the day, reaching its highest 
levels midday when the sun is directly overhead. In addition, the elevation angle varies across seasons, 
reaching its highest levels in California during the summer. We use the elevation angle for a central 
location in Southern California (Barstow, CA). Figure 4 displays how 𝐴𝐴ℎ,𝑑𝑑 varies across hours of a single 
day during different seasons. Note, the elevation angle will be negative during non-daylight hours. 

 

Given that we do not observe the hourly small-scale capacity factors, we cannot directly estimate the 
parameters of interest (𝛼𝛼1,𝛼𝛼2) from Eq. 3. Instead, we can aggregate Eq. 3 up to the monthly level to 
model the observed monthly small-scale solar capacity factors (𝐶𝐶𝐹𝐹𝑚𝑚𝑆𝑆) as a function of the hourly utility-
scale capacity factors: 

𝐶𝐶𝐹𝐹𝑚𝑚𝑆𝑆 =
∑ 𝐶𝐶𝐶𝐶ℎ,𝑑𝑑

𝑆𝑆
ℎ,𝑑𝑑

𝐻𝐻𝑚𝑚
=

∑ �𝐶𝐶𝐶𝐶ℎ,𝑑𝑑
𝑈𝑈 �𝛼𝛼1+𝛼𝛼2∙𝐴𝐴ℎ,𝑑𝑑�+𝜖𝜖ℎ,𝑑𝑑�ℎ,𝑑𝑑

𝐻𝐻𝑚𝑚
= 𝛼𝛼1 ∙

∑ 𝐶𝐶𝐶𝐶ℎ,𝑑𝑑
𝑈𝑈

ℎ,𝑑𝑑

𝐻𝐻𝑚𝑚
+ 𝛼𝛼2 ∙

∑ �𝐶𝐶𝐶𝐶ℎ,𝑑𝑑
𝑈𝑈 ∙𝐴𝐴ℎ,𝑑𝑑�ℎ,𝑑𝑑

𝐻𝐻𝑚𝑚
+ 𝜀𝜀𝑚𝑚 (4) 

where 𝐻𝐻𝑚𝑚 is the number of hours during month 𝐶𝐶. Note, we observe the installed utility-scale solar 
capacity at the beginning of each month, not during each day. To calculate 𝐶𝐶𝐹𝐹ℎ,𝑑𝑑

𝑈𝑈 , we need to assume a 
given level for the daily utility-scale solar capacity. Rather than assuming that the installed utility-scale 
capacity is growing discontinuously at the beginning of each month, we assume that the capacity grows 
linearly from the beginning of one month to the beginning of the next month. Under this assumption, 
the hourly utility-scale solar capacity factor is calculated using the following equation: 
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𝐶𝐶𝐹𝐹ℎ,𝑑𝑑
𝑈𝑈 = 𝑆𝑆ℎ,𝑑𝑑

𝑈𝑈

𝐶𝐶𝑚𝑚𝑈𝑈+(𝐶𝐶𝑚𝑚+1
𝑈𝑈 −𝐶𝐶𝑚𝑚𝑈𝑈)∙(𝐷𝐷𝑑𝑑/𝑁𝑁𝑚𝑚)

     (5) 

where 𝑆𝑆ℎ,𝑑𝑑
𝑈𝑈  is the utility-scale potential generation during hour ℎ of day 𝑑𝑑. 𝐶𝐶𝑚𝑚𝑈𝑈  is the utility-scale solar 

capacity at the beginning of month 𝐶𝐶 and 𝐶𝐶𝑚𝑚+1
𝑈𝑈  is the capacity at the beginning of the next month. 𝐷𝐷𝑑𝑑 is 

the number of the date of day 𝑑𝑑, and 𝑁𝑁𝑚𝑚 is the total number of days in the same month. 

Using the estimates of California’s hourly utility-scale solar capacity factors from Eq. 5, the hourly 
elevation angle of the sun in Southern California (𝐴𝐴ℎ,𝑑𝑑), and the EIA reported estimates of California’s 
monthly small-scale solar capacity factors (𝐶𝐶𝐹𝐹𝑚𝑚𝑆𝑆), we estimate the parameters of interest from Eq. 4 
(𝛼𝛼1,𝛼𝛼2) over the 51 months spanning July 2018 through September 2022 using ordinary least squares. 
Note, we do not include a constant in the regression. A non-zero constant would effectively imply that, 
on a hypothetical day when the utility-scale solar capacity factor is zero, the small-scale solar capacity 
factors could be positive. The coefficient estimates and model fit are summarized in Table 5 below. 
Note, the simple linear model explains 98% of the variation in the monthly small-scale capacity factors. 

Table 5: Coefficients estimates from Equation 4 

 Dependent Variable:  Monthly small-
scale solar capacity factor 

α1 0.227*** 
 (0.016) 
  
α2 0.003*** 

 (0.000) 
N 51 
R2 0.979 

Newey-West standard errors in parentheses. 
* p < 0.05, ** p < 0.01, *** p < 0.001. 

 

Plugging in the estimates of 𝛼𝛼1 and 𝛼𝛼2 into Eq. 3, we calculate the hourly small-scale solar capacity 
factors for California from July 2018 through September 2022. Multiplying by the installed small-scale 
solar capacity, again assuming that the installed capacity increases linearly between the first day of each 
month, we are able to produce estimates of the hourly generation (𝑆𝑆ℎ,𝑑𝑑

𝑆𝑆 ) from California’s small-scale 
solar capacity. 

With the estimates of the hourly small-scale solar output, we generate two new variables. First, the total 
potential solar generation for California during hour ℎ of day 𝑑𝑑 (𝑆𝑆ℎ,𝑑𝑑

𝑇𝑇 ), which is simply the sum of the 
potential utility-scale solar generation and the estimated small-scale solar generation:  𝑆𝑆ℎ,𝑑𝑑

𝑇𝑇 = 𝑆𝑆ℎ,𝑑𝑑
𝑈𝑈 +

𝑆𝑆ℎ,𝑑𝑑
𝑆𝑆 . Second, we define the total electricity consumption (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ,𝑑𝑑) during hour ℎ of day 𝑑𝑑 as 

the sum of the observed hourly net demand (𝑁𝑁𝐶𝐶𝐶𝐶 𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑ℎ,𝑑𝑑) in California and the estimated small-
scale solar generation (𝑆𝑆ℎ,𝑑𝑑

𝑆𝑆 ). 

Estimating the impacts of changes in small-scale solar and consumption 

To examine how shifts in generation from small-scale solar, as well as shifts in electricity consumption, 
affect the aggregate levels of daily and hourly curtailments, we augment the model specified by Eq. 1. 
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We continue to focus on aggregate curtailment at the daily (and hourly) level as the dependent variable 
of interest. However, we now include the total potential California solar generation at the daily (𝑆𝑆𝑑𝑑𝑇𝑇) or 
hourly (𝑆𝑆ℎ,𝑑𝑑

𝑇𝑇 ) level as one of the independent variables of interest, not the utility-scale solar potential. In 
addition, we now include the total level of California’s daily (or hourly) electricity consumption, not the 
net demand, as an additional control. At the daily level, we estimate the following model: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑  = 𝛽𝛽1 ⋅ 𝑆𝑆𝑑𝑑𝑇𝑇  +  𝛽𝛽2 ⋅ 𝑊𝑊𝑑𝑑  + 𝛽𝛽3 ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑 +  𝜽𝜽 ⋅ 𝑿𝑿𝑑𝑑  + 𝛼𝛼𝑚𝑚,𝑦𝑦 + 𝜀𝜀𝑑𝑑 (6) 

where vector 𝑿𝑿𝑑𝑑 again includes the daily net demand, solar, and wind generation in the states 
surrounding California. Estimates of the key coefficients of interest are displayed in Table 3, with Newey-
West standard errors again reported which account for serial correlation of 5 lags. Similarly, we report 
estimates of the following model, estimated separately for each hour of the day in Figure 4: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ,𝑑𝑑  = 𝛽𝛽1,ℎ ⋅ 𝑆𝑆ℎ,𝑑𝑑
𝑇𝑇  + 𝛽𝛽2,ℎ ⋅ 𝑊𝑊ℎ,𝑑𝑑  + 𝛽𝛽3,ℎ ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶ℎ,𝑑𝑑 + 𝜽𝜽𝒉𝒉 ⋅ 𝑿𝑿ℎ,𝑑𝑑  + 𝛼𝛼ℎ,𝑚𝑚,𝑦𝑦 + 𝜀𝜀ℎ,𝑑𝑑   

(7) 

Importantly, the estimates of 𝛽𝛽1 and 𝛽𝛽1,ℎ from Equations 6 and 7 now represent how the aggregate level 
of daily (or hourly) curtailment changes in response to a 1 MWh increase in total potential generation 
from California solar (utility-scale plus small-scale). Given that the utility-scale and small-scale solar 
capacity are installed in different locations within the grid – utility-scale units are largely located in 
sparsely populated, inland regions while the small-scale capacity is largely located in the more 
populated regions of California – we may expect generation from the two types of capacity to have 
different average impacts on curtailment. As a result, 𝛽𝛽1 can be viewed as a weighted average of the 
marginal curtailment rates of utility-scale and small-scale solar. 

To provide a back-of-the-envelope estimate of the average curtailment effect caused by a 1 MWh 
increase in small-scale solar generation, we rely on the fact that, during our sample period, 
approximately 35% of the total potential solar generation was generated by small-scale solar capacity. 
Assuming that the average curtailment caused by a 1 MWh increase in utility-scale solar generation is 
equal to 0.092 MWh (from the estimates of Eq. 1 presented in Table 1), we can estimate the average 
curtailment caused by a 1 MWh increase in small-scale solar generation as follows: 

𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝐶𝐶𝐶𝐶𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝑆𝑆𝐶𝐶 = (�̂�𝛽1 − 0.65 ⋅ 0.092)/0.35  (8) 

where �̂�𝛽1 is the point estimate of the average change in curtailment caused by a 1 MWh increase in total 
potential California solar generation from Eq. 6. Using this approach, we estimate that, on average, an 
additional 1 MWh of daily small-scale solar generation causes an additional 0.052 MWh of aggregate 
utility-scale curtailment. 
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