








Figure C.1: Market prices, renewables generation, and storage decisions (competitive
firms)

Notes: This figure replicates Figure 4 in the main text assuming perfectly competitive behavior.
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Figure C.2: Capacity factors and profits of energy storage (competitive firms)
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Notes: This figure replicates Figure 5 in the main text assuming perfectly competitive behavior.

Figure C.3: Captured prices by renewables and storage (competitive firms)
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Notes: This figure replicates Figure 6 in the main text assuming perfectly competitive behavior.

Last, as mentioned above, the baseline simulations assume a price cap equal to
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500€/MWh. To show that the main results remain qualitatively similar under alternative
values of the price cap, Figure C.4 replicates Figure 4 in the main text, under strategic
bidding by the dominant firm but now with a 1,000 €/MWh price cap.

D Additional Results

D.1 Predictable changes in demand and renewable energy avail-
ability

The following table presents the results of regressions of the realized values of key out-
come variables (electricity demand, solar generation, wind generation, and net demand,
i.e., demand net of solar and wind generation) on their respective day-ahead forecasts.
The analysis is based on hourly data from the Spanish electricity market spanning Jan-

uary 2019 to December 2024, obtained from (https://www.esios.ree.es/es).

Table D.1: Regression Results: Realized vs Forecast Demand and Renewables
Demand Solar Wind Net Demand

Intercept 15.80%**  _43.57**F*  _36.72%** -T7.65%F*
(5.6965)  (2.1956)  (3.7848) (8.1288)
Day-ahead forecast — 0.999***  1.013***  1.012%** 1.002%**
(0.0002)  (0.0004)  (0.0005) (0.0004)
R? 0.998 0.993 0.987 0.990
Observations 52,608 52,587 52,588 52,567

Notes: Standard errors in parentheses. ***p < 0.01, **p < 0.05, *p < 0.1.

The consistently high R? values across specifications indicate that a substantial share of
the variation in these outcomes is explained by their predictable, deterministic compo-

nents, highlighting the limited role of stochastic variation at the hourly level.

D.2 Intraday variation dominates demand and renewable sup-
ply swings

We estimate a parsimonious calendar fixed—effects specification on six years of hourly
Spanish system data. Our goal is to decompose the hourly variation of three key se-

ries: realized electricity demand, solar generation, and (onshore) wind generation. The
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Figure C.4: Market prices, renewables generation, and storage decisions
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main text, with a 1,000 €/ MWh price cap.
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Table D.2: Adjusted R? from calendar fixed—effects regressions
Series Hour-only R? Full R? (H+W+M+Y) Hour/ Full

Demand 0.45 0.77 0.58
Solar 0.65 0.78 0.84
Wind 0.01 0.42 0.01

raw series are drawn from the ENTSO-E transparency platform for January 2019 to

December 2024.#2 For each outcome v, we run:

23 6 11 5
ye = Y_ap 1{Hour = h}+>_ B, 1{Day = d}+ > 7v» 1{Month = m}+>_ d, 1{Year=y}+e,,
h=1 d=1 m=1 y=1

where the hour dummies isolate the diurnal cycle, weekday dummies capture short-term
work-holiday cycles, month dummies capture more seasonal swings, and year dummies
capture structural shifts (e.g., solar build-out). We estimate the model by OLS with
Newey—West standard errors to control for serial correlation, and we compare specifica-
tions via the adjusted R

The resulting variance decomposition in Table D.2 shows that hour-of-day effects
alone account for 58% of calendar-explainable variation in demand and for 84% in solar
output, suggesting that the fluctuations storage operators face are mostly driven by
predictable intraday patterns rather than by higher-frequency noise or inter-day shocks.
Note that solar is almost entirely diurnal, leaving little room for seasonal variation and
for stochastic shocks beyond cloud cover. In contrast, wind power is weakly linked to
the clock but strongly seasonal. These results underscore how Spanish hourly system
dynamics are substantially driven by diurnal patterns.

For additional evidence, empirical studies and reports consistently show that a large
share of the variability in electricity demand and renewable energy production occurs
within the day, rather than across days or weeks, especially for solar production. The
US Energy Information Administration highlights that demand follows a strong diurnal
pattern, with demand typically peaking during daytime and falling at night (U.S. Energy
Information Administration, 2020). Grid operators worldwide plan around a recurring

daily load curve.

42ENTSO-E sources the data from Red Eléctrica de Espana’s ESIOS database.
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Utility-scale battery cycling (Nov 2024 - Jul 2025)
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Figure D.1: Distribution of daily discharged-to-charged energy ratios for Spanish
utility-scale batteries, 18 Nov 2024-22 Jul 2025. The median is 0.86 and the
inter-quartile range is 0.78-0.92.

D.3 Batteries’ daily cycle

We have downloaded hourly charge and discharge flows for every utility-scale battery
connected to the Spanish transmission grid from Red FEléctrica de Espana on its public
data portal ESIOS. We have extracted the files from November 2024 to July 2025 — prior
data is not available.

For every calendar day in the sample, we sum all the megawatt-hours that Spain’s
utility-scale batteries charged and all the megawatt-hours they released. To assess
whether the storage cycle occurs within the same 24-hour window, we compared the
two by dividing energy discharged by energy charged within the day, producing a single
ratio for each day. Values between 0.7 and 0.9 indicate that nearly everything charged
was discharged before midnight,*® while lower ratios indicate that some of the stored
energy waited until the following day (or later) to be released. Finally, we plotted all
of those daily ratios in a histogram to reveal the fleet’s typical operating pattern at a
glance.**

We find that the median battery releases 86% of the energy it absorbs on the same
day. The 25th-75th percentile band is 0.78-0.92, and fewer than 3% of days fall below

0.65. Hence, Spanish grid-scale batteries operate on (almost) one full cycle per 24 hours,

43This is because there are some energy losses along the way (round-trip efficiency), which are usually
in the range of 10 — 30%.

44 The ratio of energy discharged over energy charged over the whole sample period is equal to 0.85,
a number in line with the standard round-trip efficiency for batteries.
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aligning with their 4-6 h energy capacity and the well-known mid-day solar surplus vs.
evening peak demand pattern. *°

Because storage arbitrage and balancing activity overwhelmingly close within the
day, a diurnal net-load model captures the dominant economics of battery dispatch.
Multi-day optimisation would add complexity without materially changing our main

results.

45Comparable daily cycling behaviour is documented for California’s fleet (CAISO, 2024; Lamp and
Samano, 2022) and for the batteries in the Australian NEM (Rangarajan et al., 2023).
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