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Abstract

We investigate the impact of an increase in the share of intermittent renewables’ power
generation (i.e., from wind and solar) in the production mix on prices, risk exposures, and
hedging costs in electricity markets. Reduced form analysis on the German/Austrian market
over 2013-2018 shows that intermittent power generation decreases spot prices and increases
the risk premium embedded in futures contracts. To investigate this finding, we develop a
model where retailers buy electricity from conventional and intermittent power generators
on the spot market to match the final demand, and trade futures contracts to hedge their
risk exposures. At equilibrium, futures prices encompass a risk premium whose sign and
magnitude depend on the market participants’ risk exposures. We structurally estimate the
model’s parameters to propose a counterfactual analysis in which we vary the characteristics
of the distribution of intermittent power generation. Our simulations suggest that increasing
the share of intermittent renewable power generation decreases spot prices. However, the
effects on the risk premium can vary, depending on the characteristics of the intermittency
distribution. We find higher risk premia when there is greater intermittency or when the

integration of renewables into the system is less effective.
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1 Introduction

Growing concern about global warming has encouraged the adoption of environmental pub-
lic policies (such as subsidies) that prioritize the development of clean, renewable energies to
achieve net carbon neutrality. Following this process, which is facilitated by low marginal costs
and dropping investment costs, renewables are expected to represent 40% of the production
mix by 2030 (European Environmental Agency, 2022). However, their intermittent nature is
challenging. On the operational side, intermittency generates physical risk, which management
requires the development of transmission and backup plants and of command and control sys-
tems. Besides, it also affects spot prices, potentially impacting market participants’ financial
risk exposures. In particular, the variability of wind and solar power generation might in-
crease price volatility, a primary concern in a market where prices can take negative values (see
Wiirzburg et al. (2013), Paraschiv et al. (2014), de Lagarde and Lantz (2018), Figueiredo and
da Silva (2019), Johnson and Oliver (2019)). To hedge against this financial risk, retailers and
producers may lock in the price of part of their transactions by buying or selling power futures
contracts.! This paper investigates the impact of renewable power generation on futures prices
and risk sharing.

To this end, we first provide empirical evidence of the link between intermittent power
generation and futures prices/risk premia. We then develop an equilibrium model of price
formation on the futures markets to analyze the implications of intermittency in renewable
power generation on risk exposures, hedging strategies, and risk premia. We finally structurally
estimate the model’s parameters and use them to propose a counterfactual analysis, enabling us
to quantify the impact of increasing the share of intermittent power generation in the production
mix on risk exposures and risk premia.

Our theoretical model builds on Bessembinder and Lemmon (2002). Since electricity cannot
be stored on a large scale, electricity futures prices can not be determined through standard

“cash and carry” arbitrage strategies. Instead, the pricing of power futures prices calls for

'For example, according to CRE, 77% of electricity transactions were carried out in the futures market in
France in 2020.



a market equilibrium approach, which requires understanding the market participants’ risk
exposures. In a nutshell, producers have a long position and would like to sell electricity forward,
while retailers have a short position and would like to buy electricity forward. Depending on
the season or the time of the day, producers may be more or less exposed to price volatility
than retailers, thus more or less willing to hedge by selling or buying futures. Bessembinder and
Lemmon (2002) formalize this intuition in an equilibrium model that studies the interactions of
retailers and producers in the spot and futures electricity market. They show that the clearing
futures prices encompass a risk premium whose sign and magnitude depend on the participants’
hedging needs, risk exposures, and risk aversion.

We extend Bessembinder and Lemmon (2002) along two dimensions. First, the electricity
supply on the spot market depends on the volume of wind and solar generation produced by
“intermittent” power generators producing electricity alongside different dispatchable generators
that we label as “conventional.” Second, to capture the characteristics of the merit order curve,
we assume that the supply curve of the conventional producers is inverse S-shaped, that is,
first concave for low volumes (capturing the low marginal costs related to inflexible power
generation), then convex for high volumes (capturing the high marginal costs related to the use
of more flexible power plants). We identify market participants’ revenue and cost risks, which
determine their optimal demand in the futures market. At equilibrium, the aggregate retailers’
cost risk matches the producers’ revenue risk, so these risks cancel out and will, therefore, not
be priced. Although diversifiable, their analysis remains relevant since they reveal the amount
of risk shared among agents and, therefore, the usefulness of the futures market. Only the
retailers’ revenue risk and the producers’ cost risk are non diversifiable and impact the futures
prices.

Our model shows that the characteristics of producers’ costs are crucial to understanding
the direction and magnitude of intermittent power generation’s impact on futures prices. To
quantify the effects, we collect hourly limit order book data of the German/Austrian (day
ahead) market (2013-2018). We use sell-side price schedules and the volume of intermittent

power generation to structurally estimate the producers’ cost parameters by non-linear least



squares. We obtain a time series of monthly cost parameters, which we use to evaluate the
participants’ theoretical revenues and cost risk exposures on the spot market.

We confirm that producers’ revenues and retailers’ costs are highly and positively correlated
with the spot price. This finding aligns with the fact that producers hold an overall long position
while retailers hold an overall short position. Furthermore, conventional producers’ revenue and
retailers’ cost risks are highly seasonal. These participants face the highest risk in winter when
demand and prices are high. By contrast, intermittent power producers’ revenue risk increases
in summer, when demand is usually low while intermittent power production is high. While
these risks influence the participants’ demand in the futures markets, they balance each other
at equilibrium.

By contrast, the correlations between the producers’ costs or retailers’ revenues and the
spot price are crucial since they will impact the futures prices. When correlations are positive,
they act as a natural hedge by reducing their initial long and short exposures. For instance,
a high demand increases the spot price, thus retailers’ costs, but simultaneously increases the
volume sold by retailers and thus their revenues. We find that conventional producers’ costs
and retailers’ revenues are, indeed, positive. However, the correlation between the intermittent
power generators’ costs and the spot price is negative. This finding may be explained by the fact
that an increase in supply increases the intermittent power generators’ cost while decreasing the
residual demand served by conventional producers, thus the spot price. Overall, we show that
the contributions of conventional or intermittent power producers to the risk premium on the
futures markets are different. In terms of magnitude, participants’ non-diversifiable risks also
exhibit seasonality. In summer, the spot price often falls in the supply curve region with nearly
zero marginal costs. Consequently, a shock on demand or on the supply of intermittent power
has little impact on the spot price, which decreases its correlation with producers’ costs and
retailers’ revenues. In contrast, those correlations are high in winter, when gas and coal-fired
power generation set the price.

As a second step, we use our estimates of the structural parameters to examine the effects

of a one percentage point increase in intermittent renewables in the energy mix on spot prices,



futures, and risk premia. We run Monte Carlo simulations in five counterfactual cases, one
calibrated on the entire sample period and four splitting it into summer/winter seasons and by
the source of intermittent power generation (i.e., wind or solar). In each case, we assume that
the increase of intermittent power in the mix also changes the characteristics of the renewable
distribution, namely its intermittency (i.e., its volatility), and its system integration (i.e., its
correlation with total demand). To understand the drivers of our main results, we analyze two
alternative scenarios that decompose the effects obtained when combining intermittency and
integration with the ones obtained when shutting down one channel.

Overall, we find that spot prices decrease by 1.63% following an increase of intermittent
power by 1 percentage point in the production mix. This is due to the merit order effect,
since intermittent power is characterized by lower marginal costs. However, the risk premia
increase by 1.82%, inducing higher hedging costs. These two effects can be found, with different
magnitudes, in the five cases we consider. In particular, when the risk premium is positive —
which is the most frequently observed situation — indicating that retailers agree to buy power
at a futures price that is higher than the average spot price, the decrease in spot prices is not
fully reflected in futures prices. By contrast, when it is negative — which happens in Summer —
indicating that producers agree to sell power at a futures price that is lower than the average
spot price, the decrease in futures prices is exacerbated.

The decomposition into distinct intermittency and integration scenarios shows that the
impact of intermittent power on risk premia is mostly driven by its increased intermittency.
A higher volatility increases the participants’ risk exposures, amplifying their impact on the
risk premium. By contrast, a better integration, related to an increase in correlation with load
demand, might exert an opposite force and reduce the risk premium. These findings explain the
difference in the impact on the risk premium level depending on the season and power source
found in the reduced form analysis: solar power generation is less intermittent than wind, and
highly correlated with demand in Summer but not in Winter, while wind is highly correlated

with demand in Winter but not in Summer.



1.1 Literature Review

There is a growing interest in studying the impact of variable renewable generation on electricity
spot prices. Many papers document that renewables decrease spot prices as they displace
conventional production in the supply chain (a phenomenon known as the merit order effect)
(see Baldick (2011), Woo et al. (2011), Azofra et al. (2014), Cludius et al. (2014), Keppler
et al. (2016) and Figueiredo and da Silva (2019)). Additionally, the intermittency in renewable
generation introduces more volatility to an already volatile electricity price, given the lack of
storage and nearly inelastic short-term demand (see Karakatsani and Bunn (2010), Figueiredo
and da Silva (2019), and Johnson and Oliver (2019)). We complement this literature by focusing
on futures prices.

Because electricity cannot be stored, the theoretical price of power futures cannot be deter-

’ strategies and no-arbitrage conditions. To establish the future

mined based on “cost-of-carry’
price, one must rely on the market equilibrium theory, in which the futures price can be de-
termined via market clearing conditions. More precisely, the future price equals the expected
value of the underlying commodity plus (or minus) a risk premium compensating market par-
ticipants for bearing a risk when holding a position in the futures market. Within the literature
employing this approach, the seminal work of Bessembinder and Lemmon (2002) is noteworthy,
as it has become a leading reference in the field. Bessembinder and Lemmon (2002) identify
the optimal quantity supplied or demanded by retailers and producers on the futures market.
The market clearing condition yields a closed-form solution for the future price (and the risk
premium) that depends on producers’ cost risk and retailers’ revenue risk. They show that
these two risk exposures can be approximated by some central moments of the electricity spot
price distribution (i.e., variance and skewness), which provides a simple empirical test of their
model. Based on their assumptions regarding the supply level of convexity and the retailers’
participation constraint, the authors find a positive relationship between the variance and a
negative relationship between the skewness and the risk premium.

Based on this model, a whole empirical stream of research has emerged and tested Bessem-

binder and Lemmon (2002)’s theory, particularly the validity of the relation between the risk



premia and the first moments of the spot price distribution. The results of these empirical
studies mixed: Longstaff and Wang (2004), Diko et al. (2006), Douglas and Popova (2008),
Viehmann (2011), and Fleten et al. (2015) support the theoretical predictions, Torr6 et al.
(2008), Redl et al. (2009), Furié and Meneu (2010) find partial evidence, while Karakatsani and
Bunn (2005), and Haugom and Ullrich (2012) find opposite results. However, concluding why
these studies’ findings differ is difficult. It remains unclear why results may be sensitive to the
region of study, the analysis period, or the financial instrument’s maturity. Furthermore, the
difference in the empirical results may also be due to the structural changes in the electricity
market. We contribute to this literature by extending Bessembinder and Lemmon (2002) to
account for more heterogeneity in power generation and by directly testing the relation between
the risk premia and the participants’ risk exposures built from cost parameters’ estimations
instead of the approximated relation linking the risk premium to moments of the spot price
distribution.

Undoubtedly, renewable power generation is changing market participants’ price risk ex-
posures. However, only some studies investigate its impact on hedging strategies and futures
prices. Peura and Bunn (2021) theoretically show that wind generation affects the risk premia
in a direction that depends on the amount fed into the system. Higher expected wind amounts
lead to a less aggressive hedging strategy because the higher uncertainty causes producers to fear
they may fail to deliver the quantity sold forward. Without solid selling pressure, futures prices
remain high, and the risk premium is positive. By contrast, producers hedge more aggressively
when they expect moderate expected wind amounts since the amount of power generated is
more predictable, which leads to a negative risk premium. Using a model in which power gen-
erators produce from a mix of renewable and fossil sources, Schwenen and Neuhoff (2021) find
that the effect on the futures market depends on how renewable power generation co-varies with
the spot price and that risk premia increase in periods of low covariance. Koolen et al. (2021)
separate the effects on the risk premium of large-scale renewable production technologies (i.e.,
solar and wind farms) from that of distributed renewable production technologies (i.e., rooftop

solar). The authors find that both technologies affect the risk premium oppositely, resulting



from asymmetries in information predicting renewable production.

We add to this new stream of research by developing a model that allows us to understand
how combining different power generation sources impacts spot prices, hedging decisions, and
risk premia. Additionally, our structural estimation of the model’s parameters, based on the
German/Austrian market (2013-2018), enables us to recover the production costs, analyze the
risk exposures of the various market participants, and propose counterfactuals where we increase

the share of intermittent power generation in the production mix.

2 Data and reduced form analysis

Our objective is to analyze the impact of power generation characteristics on prices and risk
premia in electricity markets. This section describes the data, defines our variables, and re-
ports descriptive statistics on the variables used in our analysis. We then show some reduced
form empirical evidence of the links between the risk premia and the determinants of power

generation.

2.1 Data and descriptive statistics

2.1.1 Spot market

Electricity spot demand and supply curves. The “spot” reference price at which electric-
ity futures settle is the price on the so-called “day-ahead” market. On this market, a uniform
price auction (organized every day at noon) sets prices for the electricity to be delivered within
each of the 24 hours of the following day. From the European Power Exchange (EPEX SPOT),
we collected the hourly aggregated supply and demand curves of the German/Austrian day-
ahead electricity market from March 1, 2013 to August 31, 2018. In a given day, each of the
24 aggregated curves represents the sum of individual offers (for supply) or bids (for demand).
These are a pair (price, Volume), where Volume is expressed in MWh and Price in Eur/MWh,
expressing the producers/retailers’ willingness to sell/buy electricity for a specific hour the fol-

lowing day.? We denote by St.4,n the spot price of electricity delivered at hour h, on day d, in

2Prices range between Pmin=-500 and Pmax=3000, and the minimum order size is 0.1MW for each block of
an hour.



month 7. Our spot prices St 4, and quantity traded on the spot market Q% 4.5, Tesult from the
intersection between the hourly aggregated supply and demand curves.? Let St be the monthly
Ndp 24

averaged spot price observed in month T, that is, S = m Y odt > ohe1 ST.d,h, Where ng, is

the number of days in month 7.

Supply: the merit order curve In electricity spot markets, bids submitted by producers
show their willingness to generate power for every possible market price. The aggregate supply
curve is often named the “merit order curve,” as it shows all producers’ production ordered up
according to their ascending marginal costs. The empirical evidence shows that this supply curve
adopts an inverted S-shape (see Schneider (2011), He et al. (2013), Fanone et al. (2013), Wozabal
et al. (2016)). The left-hand side of the curve captures the marginal costs of power plants
choosing to give electricity at low or even negative prices — rather than incurring the high cost
of turning their plant on and off. Some inefficient nuclear, hard coal, and lignite power plants
are within this type of inflexible production. The supply curve shape in this area is concave:
marginal costs, typically negative, increase at a decreasing pace.* Moving along the curve, one
finds the low, constant marginal costs of renewable production, such as biomass, geothermal,
and biodiesel.® Next come the marginal costs of nuclear energy, which are low since small
quantities of nuclear fuel, namely uranium or plutonium, can produce considerable amounts of
energy, but higher than renewables. Finally, the right-hand side of the curve represents the
marginal costs of fossil fuel plants such as coal, gas, and oil. These plants incur high marginal
costs, as they must pay high fuel prices to produce electricity. Coal is usually cheaper than gas,
and gas is cheaper than 0il.® Oil plants are relatively small and inefficient, producing little at a
very high price. In this area of the curve, the shape is convex, as marginal costs are increasing

at an increasing rate.

3These prices are consistent with the spot prices published by EPEX SPOT.

“The phenomenon of negative marginal costs is also due to other factors such as network constraints (e.g.,
maintaining voltage), reserve requirements and inertia, heat supply (cogeneration), or the sale or loss of the
electricity produced (unavoidable) from intermittent renewable sources.

SFor instance, biomass is generated from low-cost organic materials such as plant or animal waste; geothermal
energy harnesses the heat emanating from within the Earth; biodiesel is derived from a variety of low-cost
renewable resources, such as plant oils and animal fats; wind power from the wind, and solar power from the sun.

SEven accounting for carbon prices, coal remains cheaper than gas and oil during our study period.



Figure 1: Snapshot of (spot market) limit order book data

Figure 1 represents a snapshot of limit order book data on the EPEX SPOT day-ahead market, namely the
cumulative sell orders at each price level for delivery on January 02, 2018, at 12 a.m.
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Figure 1 illustrates the S-shape nature of the supply with a snapshot of our data. We cannot
precisely pin down the exact volume supplied from each energy source with our anonymous data,

but we observe concave, flat, and then convex regions consistent with the merit order of power

generation.

Load demand. To proxy for the total volume of electricity ultimately consumed at a given
hour, Qlijd’h, we collected the hourly load value from the European Network of Transmission
System Operators for Electricity (ENTSO-E). The total demand, QP is different from the
quantity that clears demand and supply on the spot market Q° (defined above), as shown in
Figure 2. Indeed, the total load is served by retailers who may have bought electricity in the
spot and futures markets.

Figure 2 shows the monthly consumed volume during our analysis period averages 56.68
GWh, while the quantity traded on the spot market averages 28 GWh. Both time series exhibit

seasonality around an average traded quantity that represents approximately 49% of the total

load.

2.1.2 Futures markets and risk premia

Electricity futures prices. We collected the daily prices (in Euro/MWh) of one to six-

month-ahead monthly base futures contracts (also called Phelix futures) from the European



Figure 2: Load demand vs. Spot market trading volume

Figure 2 compares the average monthly total consumption volume (Qp) with the quantity traded on the spot
market (Q°). @Qp is the monthly averaged hourly load value from the European Network of Transmission System
Operators for Electricity (ENTSO-E). Q° is the volume resulting from the crossing between hourly supply and
demand curves and is averaged monthly.
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Energy Exchange (EEX) for 66 delivery months between March 2013 and August 2018.7-8 We

denote by Fyr the trading price at date d of a futures contract for delivery in month T.9

Electricity risk premia. In our analysis, we will focus on the risk premium of the one-

month-ahead contract, computed from the averaged futures prices in month T'— 1, Fr_i 7 =

ndl ZiTl’l Fy 7. The risk premium of a futures expiring at date T is defined as the differ-
T—1

ence between the average one-month-ahead futures price for a contract with delivery month 7',

Fr_17, and the expected spot price E(St):

RPr_1 7= Fr_11— Er_1(S7). (1)

We assume perfect foresight and proxy the expectation during the month 7" —1 of the spot price
for the delivery period T by the average spot price observed at date T, Sr. Figure 3 shows the

time series of one-month-ahead futures prices and average monthly spot prices for delivery in

"Futures contracts are financial derivatives instruments enabling an economic agent to lock in the price at
which they will sell or buy an (underlying) asset at a future maturity date. These contracts are traded on
organized exchanges and specify standardized terms, including size, maturity, and delivery conditions.

81n electricity markets, contracts are typically categorized into three types (base, peak-load, and off-peak),
each distinguished by the specific delivery times throughout the week. Peak-load contracts provide electricity
from 8 am to 8 pm from Monday to Friday, when demand is typically at its highest. Off-peak contracts supply
electricity from 8 pm to 8 am on weekdays and continuously over the 24 hours of weekends, aligning with periods
of lower demand. Lastly, base contracts ensure a steady electricity supply 24 hours a day, seven days a week.

9The futures contract standard size results from the number of delivery days times the electricity delivered
daily (normally 24MWh). Therefore, for a monthly contract with 30 delivery days, the contract size is 720 MWh.

10



Figure 3: One-month-ahead futures prices vs observed spot prices

Figure 3 represents the monthly risk premia time series. The one-month-ahead futures prices (in black) are the
monthly-averaged daily prices of one-month-ahead futures. The spot price (in red) is the monthly-averaged hourly
price on the day-ahead market. The difference between the two curves represents the monthly risk premium,
which can be positive (yellow area) or negative (grey area).
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month 7.
Figure 3 displays an average of future prices at 33.89 euros per MWh and spot prices at
33.60 euros per MWh. It also shows that risk premia may be either positive or negative. A

positive risk premium is more frequently observed during winter when demand is high and more

unpredictable.

2.1.3 Variables influencing power generation

Generation of intermittent renewables. We obtained hourly solar and wind generation
day-ahead forecasts from the German Transmission System Operators (TSOs): 50Hertz, Am-
prion, Transnet, and Tennet. The total solar and wind generation results from the sum of
generation from the four operators.'?

Figure 4 illustrates an increasing trend in the proportion of intermittent renewables in
the production mix, rising from 16% to 35% by the end of the analysis period. Wind power
generation experiences the highest growth rates, increasing by 20 percentage points during the
study period (from 10% to 30%). Additionally, both production sources exhibit seasonality, with
solar production showing a more pronounced pattern (i.e., being almost negligible in winter and

representing up to 10% of the mix in summer).

1050Hertz, Amprion, Transnet and Tennet data, last accessed on 27.08.2022.
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Figure 4: Share of intermittent power generation in the production mix

Figure 4 represents the share of intermittent power generation in the production mix, defined as the sum of the
volume originating from solar (or photovoltaic) and wind power generation, divided by the total demand. The

bars are broken down into the share of solar power generation (in pink) and the share of wind power generation
(in blue).
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Short Run Marginal Costs. We construct the marginal costs of the three main fossil fuels

(gas, coal, and oil) from the formula reported by Refinitiv, which is as follows:

SRMCleur/MWh] = O&M costs[eur/MWHh]

Energy price[eur/ton or eur/therm)]
3.6(GJ/MWh
* heat value[GJ/ton or GJ/therm]| x efficiency x 3.6[GI/ ]

n emission intensity[tCO2/ GJ] x carbon price[eur /tCO2] % 3.6G.J/MWH]
efficiency

We collected daily energy prices from Refinitiv. For gas, we used the price of the Dutch day-
ahead gas contract (TRNLTTFD1 in EU/MWh). For coal, we used the price of coal delivered
to the Amsterdam, Rotterdam, and Antwerp regions (Coal ICE API2 CIF ARA in Euros/MT).
For oil, we used the price of Brent crude oil (BRT in EU/Bbl).!! Appendix B.1 provides details
on the measures of heat value, efficiency, carbon intensities, and Operation and Maintenance

costs that we use in our computations. The time series of our estimates for SRMC are reported

in Figure 5.

" Refinitiv provides SMRC for gas and coal after 2014. For consistency, we use our own measures of SMRC for
the three energy sources, starting in 2013. We checked that our measures are similar to the Refinitiv time series

whenever available in Figure B.1 in Appendix B.1. The gas and coal price series we describe here are the same
used by Refinitiv to calculate its SRMCs.
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Figure 5: Short Run Marginal Costs of fossil energies

Figure 5 presents the dynamics of the short-run marginal costs of coal, gas, and oil power plants computed
following the formula in equation (2) (Source: Refinitiv-Power composite methodology and specification guide).
We obtained efficiency percentages from an ECOFYS report (2018) and emission intensity factors from EIA
(2005). We kept the operation and maintenance costs for coal and gas from Refinitiv. For oil, we employed those
reported by DIW Berlin (2013).
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Marginal cost of intermittent power generation. We assume that the marginal costs of
wind and solar power generation only consist of Operation and Maintenance (hereafter O&M)
costs, which we obtained from the EIA Annual Energy Outlook reports (expressed in USD per
MWHh, converted to EUR per MWh).12:13

Intermittent power generation is often subsidized. We collected the feed-in-tariffs (FIT) from
the OECD database.!4 These tariffs are in dollars per kilowatt-hour (USD/KWh) and cover
seven types of renewable energy generation: wind, solar, geothermal, small hydro, marine,
biomass, and waste. However, we only use solar and wind tariffs to maintain consistency with
our focus on intermittent renewables. In addition, we convert the tariffs to euros per MWh.
We calculate a weighted tariff according to the share of wind and solar monthly generation.
We plot the evolution of renewable producers’ marginal costs, Feed-in-tariffs, and net marginal

costs in Figure 6.

12EIA Annual Energy Outlook reports,last accessed on 14.06.2023.

13The SRMCs of intermittent power sources (and particularly the O&M costs) are used in the monthly esti-
mates. These costs do not influence the spot hourly price determination at any time.

14OECD database on feed-in-tariffs, last accessed on 27.08.2022.
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Figure 6: Marginal costs of wind and solar power and Feed-In-Tarrifs

Figure 6 shows the Marginal costs of wind and solar power and Feed-In-Tariffs (FITs). Marginal costs represent
the total expenses for operating and maintaining wind and solar power plants, excluding fuel costs. FITs are
widely used policies to promote the expansion of renewable electricity generation. They are market-based instru-
ments that provide renewable producers with long-term contracts, ensuring a fixed price per kWh of electricity
supplied to the grid (Source: EIA Annual Energy Outlook reports and OECD database).
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Figure 6 shows that marginal costs are nearly zero. According to the IRENA (2021) report,
in the last decade, the O&M costs of renewables have been reduced mainly due to the increase of
O&M service providers, better preventive maintenance programs, technological improvements,
and higher capacity factors. Additionally, the marginal costs of solar generation are lower
than those of wind, averaging 8.8 EUR/MWh compared to 10.24 EUR/MWh for wind. When
comparing our estimates with the marginal costs of fossil fuels, we observe that the solar and
wind costs are approximately 3, 4, and 9 times lower than the SRMC of coal, gas, and oil,
respectively. The Figure also indicates that FITs are approximately three times higher than

the marginal costs of both intermittent sources.

Retail Prices. We obtained the electricity prices for household consumers in Germany from
Eurostat.'® Data are bi-annual, in euros per kilowatt-hour, excluding taxes and levies, and
describe the consumption data over a band DC between 2,500 KWh and 5,000 KWh.16:17 To

keep consistency with the rest of the data expressed in MWh, we convert the units to euros per

MWh.

5 Eurostat database on retail prices, last accessed on 27.08.2022.

18T evies are charges or fees to fund specific energy programs to support renewable energy development.

Y Eurostat uses a series of bands labeled from DA to DX to categorize electricity consumers based on the amount
of electricity they consume annually. Band DC includes information about entities that consume between 2,500
and 5,000 kWh annually, a typical range for small to medium-sized households in many countries.
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Weather. We collected monthly time series on temperature and sunshine duration in Ger-
many from Deutscher Wetterdienst (DWD).!® We completed our weather proxies with data on
wind speed and velocity provided by the Deutscher Wetterdienst from the Climate Data Cen-
ter.! We used reports from the Berlin Brandenburg station (Station 427) on “Hourly station
observations of wind velocity ca. 10 m above ground in m/s” to capture wind velocity and on
“Daily mean of station observations of wind speed at ca. 10 m above ground in m/s” as a proxy

for wind speed.?°

2.2 Reduced form analysis

To assess the impact of intermittent power generation (wind, solar) on electricity prices, we run
the following regression:

Yr=a0+a1QIr+ X1+ nr, (3)

where our dependent variables Y are the monthly average spot price S or the one-month-
ahead risk premium RP, our variable of interest (J_I is the volume of electricity generated from
intermittent sources, and X is a set of control variables.?!%2

To account for a potential spurious correlation between quantities and prices, we instrument
the volume of power generated from intermittent sources using weather conditions as follows. We
use wind speed, wind velocity, and precipitation for wind power generation. We use the average
sunshine duration observed in Germany in the delivery month for solar power generation.

Besides year-fixed effects, our control variables consist of a series of variables that capture
variations in supply and another series that controls for variations in demand. For the supply
side, we include the short-run marginal costs of fossil energies and intermittent renewables,

and feed-in tariffs. For the demand side, we control for temperatures and seasons (with three

seasonal dummies for summer, fall, and winter).

18See Deutscher Wetterdienst (DWD), last accessed on 15.06.2023.

19Gee Climate Data Center, last accessed on 15.06.2023.

20The Climate Data Center reports daily or hourly statistics per station but no aggregate statistics for Germany.

21Consistently with our assumption of perfect foresight on spot prices, we also assume that participants’
expectation of intermittent power generation, Er_1 [Q_Ir], corresponds to the observed value Q_Ir.

22 As a consistency check, we regress the spot price and the risk premium on the marginal costs of oil, gas, coal
and intermittent power generation in Appendix B.3. The results, reported in Table B.3, show that spot prices
are positively and significantly related to the costs of coal and gas and negatively related to feed-in-tariffs, as
expected. However, only the costs of intermittent power and the feed-in tariffs are related to the risk premium.
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The results of the first stage are reported in Table B.2 in the Appendix. As expected,
solar power generation is significantly and positively related to sunshine duration. By contrast,
wind power generation is not significantly related to either wind speed or wind velocity but is
significantly and positively related to both the marginal costs of renewable power generation
and the feed-in-tariffs. Table 1 shows the estimates from regression (3) with our instrumented
variables, first pooling wind and solar power, then independently for each instrumented variable,
and finally decomposing the effects of wind and solar.?

Consistent with renewables having lower marginal costs, we find that a higher amount of
intermittent renewables is associated with lower spot prices (in column (1)). However, it has a
significantly positive impact on the risk premia (in column (5)). Looking at the decomposition
between wind and solar in the following columns, these effects seem to be mainly driven by
wind power. The signs of the coefficients for solar power generation, though not significant, are
the opposite. This suggests that all intermittent power sources might not have the same impact
on the risk premium, which could explain the mixed results in the literature. To shed light
on the economic mechanisms underlying these contrasting effects, we develop and structurally
estimate an equilibrium model for electricity futures prices in section 3.

Table 1 further shows that the short-run marginal costs of coal, gas, and renewables are
positively related to spot prices, while the feed-in-tariffs are negatively related, as expected.
In all regressions, only the SRMC of coal appears to be significant; this result is in line with
Paraschiv et al. (2014), Bublitz et al. (2017), and Mosquera-Lépez and Nursimulu (2019), who
also find that coal prices have the highest impact on electricity prices. By contrast, risk premia
do not seem to be affected by the costs of conventional power generation but seem sensitive to

subsidies on intermittent power generation. Our analysis will shed light on this finding.

3 The model

Our model builds on the equilibrium model initially proposed by Bessembinder and Lemmon

(2002) and analyzes interactions of producers and retailers on the spot and futures electricity

%1n specifications (1) and (2), and (5) and (6), intermittent power generation is instrumented by all instru-
ments, namely sunshine duration, wind speed, wind velocity, and precipitation.
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Table 1: Electricity prices and intermittent power generation

Table 1 reports coefficients (z-statistics) from the second stage regressions of spot prices (in column (1)-(3)) and
one-month-ahead futures risk premium (in column (4)-(8)) on intermittent power generation. WIND POWER
(resp. SOLAR POWER) is instrumented by wind speed, wind velocity, and precipitation (resp. by sunshine
duration). Control variables include the short-run marginal costs of coal, gas, oil, and intermittent power, feed-in-
tariffs, temperature, three dummies, SUMMER, FALL, and WINTER that capture seasonality and Year-Fixed
Effects. *** ** and * denote significance levels of 1%, 5%, and 10%, respectively. We report (i) the Anderson
canonical correlations LM statistic of an underidentification test and its p-value, (ii) the Cragg-Donald Wald F
statistic of a weak identification test and the Stock-Yogo critical values at 10%, and (iii) the Sargan statistic of
an overidentification test and its p-value.

Spot Price Risk premium
St Frar—5Sr
(1) (2) (3) (4) (5) (6)
SOLAR POWER 2.216 0.848 -2.205 -0.994
(1.48) (0.58)  (-1.42) (-0.66)
WIND POWER -1.009%**  _0.919** 1.003**  (0.880**
(-2.58)  (-2.14) (2.50)  (2.00)
SRMC_COAL 0.696***  0.679%*%* (.728%** -0.099  -0.081 -0.136
(3.21) (3.88) (3.66) (-0.44)  (-0.45)  (-0.67)
SRMC_GAS 0.053 0.149 0.125 -0.026  -0.122  -0.093
(0.35) (1.14) (0.89) (-0.17)  (-0.91)  (-0.64)
SMRC_OIL 0.031 -0.002 -0.012 0.005 0.038 0.048
(0.47) (-0.04) (-0.19) (0.08) (0.63) (0.75)
SRMC_INTMT 0.760 -0.206 1.249 1.457 2.423 0.778
(0.17) (-0.07) (0.31) (0.32) (0.76) (0.19)
Feed_in_tariffs FIT -0.270%** -0.035 -0.060 0.180%* -0.053  -0.020

(-2.64)  (-0.28)  (-0.44)  (L.70) (-0.41) (-0.14)
Dummy SUMMER ~ 5.719%%%  3.679%%  4.106%* -3.970%%  -1.942  -2.462

(3.16) (2.31)  (2.28)  (-211) (-1.19) (-1.33)
Dummy FALL 7.903%F%  4.790%F%  6.041%%  -5.568%  -2.470  -3.933
(2.76) (3.04)  (2.24)  (-1.88) (-1.53) (-1.42)
Dummy WINTER 5.755%F  4.202%FF  5238%F 2447 -0.900  -2.090
(2.18) (2.68)  (2.18)  (-0.89) (-0.56)  (-0.85)

TEMPERATURE  -0.796%%*  -0.438** -0.561** 0.665**  0.309  0.453
(-2.69) (-2.34)  (-1.96)  (2.16)  (1.60)  (1.54)

Constant 3.768 15.67 0.964 -11.29  -23.18  -6.510

(0.09) (0.52) (0.02) (-0.25)  (-0.75)  (-0.16)
Year FE yes yes yes yes yes yes
Observations 66 66 66 66 66 66
R-squared 0.732 0.789 0.775 0.349 0.499 0.467
(i) Underident. test 28.493 39.793 28.931 28.493  39.793  28.931
p-value 0.0000 0.0000 0.0000 0.0000  0.0000  0.0000
(ii) Weak ident. test 37.983 24.295 9.171 37.983  24.295 9.171
Critical values (10%) 16.38 9.08 7.56 16.38 9.08 7.56
(iii) Overident. test 0 1.486 1.056 0 3.046 2.473
p-value . 0.4757 0.5898 . 0.2180  0.2904
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markets. Our objective is to investigate how power generation characteristics impact the risk
premium. Our extension includes electricity generation from intermittent renewables and in-
flexible sources such as nuclear power, the impact of which is contrasted to that of conventional

power sources (i.e., fossil fuels).

3.1 Timing and participants

3.1.1 Model setup

The model has three periods. Date 3 corresponds to the consumption/production date when
the end-customers’ total demand must be served and when power is generated. We take con-
sumption decisions made by final consumers as given and assume that total demand @D is a
random variable with mean pp and volatility op. To capture its intermittent nature and its
dependence on weather conditions, we assume that the volume of intermittent power supplied
(i.e., generated from solar and wind), @ I, is also a random variable with mean p; and volatility
or. These two random variables may be correlated, and we denote by op ; their covariance.

At date 2, market participants observe the realizations ()p and Q; of both random variables.
To satisfy the total demand to be delivered at the retail fixed price Pg, Ng retailers (without
production facility) must each purchase a volume Qg, of electricity from producers (without
end-customers). Total demand is first satisfied by power generated from intermittent sources.
Let N; the number of power generators using intermittent sources to supply a volume @7,
each. Ny conventional producers using non-intermittent sources serve the residual demand
Qrp (i.e., Qp —Qr). We assume that intermittent and conventional producers and retailers are
competitive and equally share, respectively, the total volume of intermittent power generation
Qr, residual demand Qrp, and total demand Q)p, each generating or distributing the following
volume:

Q1

Qr. _ Qrp.
N;’

_@rp o _ Q@D
Ny’

QIZ‘ QNZ - NR .

Qr;

Retailers and producers may buy or sell power on the spot market, open at date 2. Spot

prices S may be volatile due to uncertainty in demand and intermittent power generation. To
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hedge against these variations, participants can lock in the price F' at which they would buy
or sell electricity by trading futures contracts on the futures market, open at date 1. The
futures market is also populated by financial intermediaries, who have neither power generation
facilities nor end-customers. We assume that markets are competitive and that all participants

are price takers in both markets.

3.1.2 Market participants’ expected utility

We assume that participants are risk averse with a mean-variance expected utility:

H;%XEU (73) = E () — 5 Var (), (4)

where A represents the coefficient of risk aversion, and 7; is the participant i’s final profit,
defined as follows.

Let Qp, be the volume of power generated by producer P;, and Qg, the volume delivered
by retailer R; to her end-customers. If they trade ti on the futures market, where ql-F > 0 for

a purchase and qZF < 0 for a sale, participant i’s final profit 7; writes:

T = pi(S, Qi) + ¢ x (S—F) ; (5)
———

But-for-hedging-profits Futures market’s gains/losses

where pl(g ,Q;) denotes the “but-for-hedging” profit, that is, the profit participant i makes by
trading the total quantity they must produce or deliver, @);, at the random spot price S. More
precisely, a retailer R; delivers to her end-customers a volume (g, of power at the retail price

Pg, that she buys on the spot or the futures markets, yielding a final profit of:

~ F G F
TR, = PrxQr, — (Qr, —ar,) xS - g, X F.
S——— ~~
Revenues Cost of purchases on spot market  Cost of purchases on futures market
~ r [z
= Qn (Pr—9)+df, (5-F). (6)
—_————

Symmetrically, a producer P; generates a volume @Qp, of power at a total cost TC(Qp,).?*

24Gee Appendix C.2.1 for the details of the computation of Producers’ but-for-hedging-profits.
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His final profit is thus:

Fro = (Qn—(=ah)) xS+ (-ak) x F - TCr(Qr)

Cost of production

Revenues from sales on spot market  Revenues from sales on futures market

— $xQp, —TCp(Qp,) +¢h (S - F) : (7)

ppr;(S,Qp;)

Finally, we assume that N, financial intermediaries may be willing to participate in the

25 We assume that their

futures markets to speculate or diversify their investors’ portfolios.
initial wealth Wy,, is invested in the market portfolio, that provides a return 7y, at date 3.

Since they neither generate nor distribute power, all the power bought or sold in the futures

market must be sold or bought back in the spot market. Their final profit is thus:

ﬁfi = Wfi XFM+q£ (S’*F)
——

ps; ()

3.1.3 Producers’ cost structure

The two types of producers are characterized by heterogeneous marginal costs. First, intermit-
tent power producers have constant, small marginal costs and receive “feed-in-tariffs” for each
unit of electricity produced. We assume that their total cost function for generating a volume

Qr, of intermittent power is such that:

TCrL(Qr,) = Fr+46Qr, —0Qy,, (8)

where F are the fixed costs, § the constant marginal cost, and 6 the feed-in-tariff.

Second, we assume that the marginal costs of conventional producers, who serve the residual
demand @ RD = @ D — @1 using non-intermittent energy sources, are inverted S-shape, in line
with the characteristics of generation slack described in Section 2.1.1. The total cost of a

representative conventional producer N; who produces a quantity (n, from non-intermittent

25Gorton and Rouwenhorst (2006) have shown that over the period 1959-2004, commodity futures returns
were negatively correlated with stock returns, suggesting potential gains from diversification, especially at longer
horizons. Many papers document and analyze the “financialization of commodity markets” that started in the
2000s (see, for instance, Tang and Xiong (2012).)
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energy sources is given by:
bv eXp(VLQNi) if QNi < QNi

TCN,(Qn,) = FN + 4 % (Qw,)’ it Qy < Qn <Qy, - (9)

R

~R eXp(VRQNi) if QNi > QNZ-

where Fy are fixed costs, and c&, v¥, ¢™, ¢® and v are variable cost parameters.

Each segment of the cost function, namely convex, linear, and convex, represents a pro-
ducer’s marginal costs fulfilling the last unit of demand.?¢ The first segment (i.e., Qn, < Q Ni)
captures the concavity of the marginal costs of inflexible producers: total costs are increasing at
decreasing rates (c& < 0 and v < 0). The second segment (i.e., Q N, < Qn, < QM) represents
the low and constant marginal costs of power generation from efficient nuclear power plants or
non-intermittent renewables (¢ > 0). The last segment (i.e., Qn, > Qy,) captures the convex
marginal costs of fossil fuel producers such as coal, gas, and oil (c¢* > 0 and v® > 0). Note
that our model almost perfectly nests Bessembinder and Lemmon (2002)’s with no intermittent
power (that is, 4y = o7 = 0) and convex costs (that is, @ = 0.)

We solve for the equilibrium backward, starting with the equilibrium in the spot market at
date 2. Then, we compute the optimal positions of market participants on the futures market

and the futures price that clears the market.

3.2 Equilibrum on the Spot Market

We first search for the equilibrium on the spot market, at date 2, when exogenous shocks are
realized. Since futures contracts are in zero-net supply, the price S* such that the market-

clearing condition holds on the spot market guarantees that conventional producers’ power

25Instead of considering heterogeneous producers, we assume that producers are homogenous but with hetero-
geneous costs. We choose exponential costs as the previous literature has shown that the exponential form is the
one that best fits the electricity market supply curve (see He et al. (2013), and Alvaro Cartea and Villaplana
(2008)). Our data regarding the electricity supply curve confirm this function as the best fit.
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generation equilibrates the wholesale market:

Ny Ny Ny Ngr

Do QA (S)+D_QL(S)+ D QR (S) =D QR (57 (10)

I N .

= > (Qutah )+ X (Qn+an) +dah =Y (Qr —dh) < > Quw =Qp-Qs,

=1 =1 =1 i=1 =1

where Q%l (S*) and Qi (S*) are the quantities sold by a conventional and intermittent producer
i, Qi (5*) = qjllz is the quantity sold by financial intermediaries ¢, and Q}%Z_(S*) the quantity
bought by retailer ¢ on the spot market at price S*.

Once intermittent power generation and demand are realized, intermittent power generators’
supply and retailers’ demand on the spot market is price inelastic: they trade whatever remains
to be bought or sold to meet their target, given the volumes qf already traded on the futures
market. The former each sell Q‘Z = % — (—qi ), while the latter buy in = %—g - (qgi). The
spot price will, however, depend on the conventional producers’ marginal costs, computed from
their total cost function in (9). Under the zero-profit condition imposed by perfect competition,

the quantity supplied by conventional producers on the spot market at a price S is thus Q%l(s )

such that:

( %m(g) if Qn, < Qy,

Qv = Q%)+ (~ak) = ¢ (&) i@, <Qn <Qu, ()

LR In <C%) if Qn; > @Ni

Substituting the quantities found in equation (11) into the market clearing condition in (10),

and given that Qn, = C’?Vi;’, we find the equilibrium spot price:

ek exp(vF8EL)  if Qrp < Q

S*

Il
Q

S
—

‘@

=]

]
N

ifQ<Qrp<Q . (12)

cfexp(yRGER)  if Q < Qrp

22



where @ = Ny@ N, and Q = N. N@Ni' The equilibrium price resumes some characteristics of
the electricity market, such as the non-monotonic relationship between the demand and the
price skewness.?” Also note that, as prices depend on residual demand, the spot price is a
decreasing function of renewable production. A higher realization of intermittent renewables

strongly displaces conventional production in the provisioning order.

3.3 First Period: futures hedging positions

Having determined the equilibrium price on the spot market, we now turn to the equilibrium

on the futures market at date 1.

3.3.1 Producers and retailers hedging position

Participant ¢ chooses the optimal quantity qu that maximizes their expected utility:

II;%X EU (7;) = E (7;) — gVar (73) 5 - (13)

where profits 7; are defined in (5).

Market participants (i.e., producers and retailers) know that spot prices may be related
to various parameters of the conventional producers’ cost function depending on whether the
realization of the residual demand is low and falls into the concave region (i.e., when Qrp < Q),
intermediate and in the linear region (i.e., when @ < @ rDp < @), or high and in the convex
region (i.e., when Qrp > Q), as characterized in (12). We label these events Ri, Ro and R3
respectively, corresponding to a state of nature j € {1,2,3}, with a probability of occurrence
denoted ;. Applying the laws of iterated expectations and of total variance to decompose the
unconditional expectation and variance in (13), the outcome of the maximization problem is

given in the following lemma.

Lemma 1 Market participant i trades a quantity ti * (positive for a purchase, negative for a

2"When the residual demand is normally distributed, when it is low, the realizations of the spot price take an
exponential shape where ¢ and Xr—f\] are negative. Thus, as Q rD increases, the exponential increases of S* are
smaller. Consequently, the residual demand realizations can result in S* values more concentrated around prices
close to 0, with outliers or extreme negative values showing negative skewness. Conversely, when demand is high,
prices increase exponentially, and skewness is positive.
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sale) on the futures market, where

B E(8) - F X1 aCou(pi, SIR;)
A o Var3IRy) S agVar(3IR;)

*

g (14)

Equation (14) consists of two parts. The first part corresponds to a speculative position: a
futures price below the expected spot price (i.e., E(S’) — F > 0) induces market participants
to buy more futures (i.e., ¢ > 0) to benefit from this difference. The second component
corresponds to the incentive to hedge. When the covariance between the but-for-hedging profits
p; and the spot price S is positive, which is more likely to be the case for producers who have
a long position, participants are induced to sell futures (i.e., qZF < 0). Conversely, when the
covariance between the but-for-hedging profits p; and the spot price Sis negative, which is more
likely to be the case for retailers who have a short position or if electricity prices enable financial
intermediaries to diversify their portfolios, participants are induced to buy futures (¢f" > 0).
Note that the covariance and variance are weighted averages of their conditional values, where

the assigned weight is the probability of the residual demand being low, medium, or high.

3.3.2 First Period: futures price equilibrium

For the futures market to clear, there should be a zero net supply for futures contracts:

Nn Ny Ngr Ny
D_an + D ar+ Y ak + ) af =0. (15)
=1 =1 =1 =1

We substitute the participants’ optimal demands q]l\m,;", qg * qgj and q? * from equation (14) into
equation (15) and decompose the participants’ profits into their revenue and cost components

to characterize the equilibrium futures price in the following Lemma.

Lemma 2 The equilibrium price in the futures market, F*, is such that:

P ~ ~ 3 N B 3 ~ B 5
Fr-E@) =A4| ©IOn@rn)5) 1563 a;Cov (cg,, S\R,) —Pr > a;Cov (Qp, S\’R,)—WOC’ov(fM, 1,

Conv. Producers’ Cost Risk j=1 j=1

Intermittent producers’ Cost Risk Retailers’ Revenue Risk

(16)
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A= A vV
where A = NNTN ANt N; Wo=>_,2 Wy, and

- _ 2
a1 NyCov ($ exp'yL <C§\}j\’?> ,S) + as NyCov (cg/[ (Cﬁf) ,S)

CO'U(TCN(QRD), ) = B
4+as3NyCov (51; exp R <("_})\fj\f’> ,5’)

Equation (16) results from the optimal hedging demand of the wholesale market participants,
which depends on the covariance between the revenue and cost components of their profits. We
refer to these components as the revenue and cost risk exposures, and we develop and discuss
them in the proof reported in Appendix C.2. From the zero net supply condition, since the
aggregate producers’ revenues (S x @) correspond to the aggregate retailers’ costs (—S x @), the
corresponding risks cancel each other out: we call these risks “diversifiable.” The risk premium
ends up being a function of the sole producers’ cost risk and the retailers’ revenue risk that
do not cancel out in the aggregate, which we call “non-diversifiable” risks. As standard in
asset pricing theory, only the aggregate risk is priced. The presence of financial intermediaries
influences the risk premium: if electricity prices negatively correlate with the market portfolio,
financial intermediaries are induced to buy power futures to diversify their portfolios, which
increases futures prices. The sign of the risk premium F* — E(S) depends on that of the various

covariances, which can be summarized in the following corollary.

Corollary 1 The risk premium’s expected sign is as follows:

Participant Component Ezxp. sign | Exp. impact on RP
Conv. prod. Cost Risk (+) | coo(TCN(Qgrp),S) >0 >0
Int. prod. Cost Risk (+) 6—0 - sign of —(6 — 0)
23‘):1 a;Cov <@1, 5‘]7%) <0
Ret. Revenue Risk (-) Pr >0 sign of —Cov (@D,§>
Z?:l a;Cov (@D, §|7€J> >0 or <0 | (depending on op,r)
Fin. intermed. (-) Wo >0 sign of —C’ov(fM,S’)
Cov(7ar, S) -

As in Bessembinder and Lemmon (2002), the sign of the risk premium depends positively on
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the producers’ cost risk and negatively on the retailers’ revenue risk.?® If prices covary positively
with demand, as might be intuitive, one would expect the conventional producers’ cost risk and
the retailers’ revenue risk to be positive. In the absence of intermittent power generation and
financial intermediaries, the sign of the risk premium consequently depends on the extent to
which producers’ and retailers’ risks offset each other.

The presence of intermittent power generators, however, alters this balance for two reasons.
The first effect is direct: their hedging demand creates additional pressure on futures prices,
which can be positive or negative depending on the sign of # — §, that is, on how feed-in-
tariffs compensate for the marginal costs of intermittent power generation. The second effect
is indirect: the presence of intermittent power generation can alter the risk exposures of other
participants. Indeed, since the residual demand now depends on the volume of intermittent
power generation, the covariance between the load demand and the spot price that captures the
retailers’ revenue risk may no longer be positive, unlike in Bessembinder and Lemmon (2002).
This would, for instance, be the case if the total demand and the volume of intermittent power
generated were highly positively correlated.

Finally, the risk premium is impacted by the participation of financial intermediaries. One
would expect the returns of their wealth invested in a market portfolio to correlate positively
with electricity prices, reflecting higher commodities’ prices during periods of economic growth,
thus a negative price pressure.

Overall, both the sign and magnitude of the risk premium expressed in equation (16) are
related to the extent to which risk exposures offset or reinforce each other, which in turn depends
on the parameters of the model, particularly those of the conventional producers’ cost function
and those of the joint distribution of demand and intermittent power generation. In the following
section, we structurally estimate the model’s parameters to analyze the sign and economic

determinants of the equilibrium future risk premium and develop some counterfactuals.

28 After some manipulation, they show both the producers’ cost risk and the retailers’ revenue risk can be
expressed as functions of the variance and skewness of prices, which provides them with a clear prediction that
they test empirically.
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4 Structural estimation

We estimate the model in two stages. In the first stage, we obtain the conventional producers’
cost parameters from the supply curves on the spot market. In the second stage, we obtain the

remaining parameters from prices on the futures market.

4.1 Step 1: Conventional producers’ costs

We first estimate the cost parameters of conventional producers (i.e., ¢, %, M, cff % , @ and
Q) from the supply curves on the spot market. To this end, we estimate the parameters of the

spot market supply curves:

AR

Rexp(F-Q) #Q<Q

A note in section C.3 in the appendix shows that there is a one-to-one mapping (given in

equation (37)) between the parameters of the spot supply curve (¢, 4%, &M &ff 41 Q and Q)

L)LMRR’Q

and those characterizing the conventional producers’ costs in our model (¢“,~ ,Ch Y

and Q).
4.1.1 Methodology

Hourly estimates. = We proceed with each hourly aggregate supply curve from EPEX SPOT
in four steps. First, we subtract the volume corresponding to intermittent power generation
obtained from the German Transmission System Operators (TSOs) to find the residual supply.
Second, we use a linear interpolation to smooth the data since the supply curves are defined
for discrete prices and quantities. Third, we fit the data into a third-degree polynomial, and
we define the kinks (Q and 5) as those points on the curve where the first derivative of the
polynomial is equal to zero. Fourth, having determined the left and right kinks, we fit the first

concave (i.e., where Q < Q) and the last convex (i.e., where @ > Q) segments of the piecewise
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function (17) using nonlinear least squares. For each hourly fitted curve, we obtain values

of the parameters é~, %’ e Kfi? their 95% confidence interval, the R-Squared, the Adjusted

R-Squared, the root-mean-squared error (RMSE), and the degrees of freedom. To adjust the
middle segment of the piecewise function and find ¢, we obtain the line that passes through
the two kink points. We estimate a total of 64,909 sets of parameters.??:30 Figure 7 illustrates
the estimation for the market supply curve on June 5, 2017, at 4 pm.

Figure 7: Illustration of our curve fit

Figure 7 illustrates how we fit the aggregate supply curve from the EPEX-SPOT day-ahead market for delivery
on June 5, 2017, at 4 p.m. net from the volume of intermittent power generation to estimate the cost parameters
of conventional producers structurally. The blue, pink, and green curves show the interpolated data for each

segment [0, Q], [Q, Q], and [Q, oo] respectively. The yellow curve represents the third-degree polynomial, and the

red curve shows the piecewise function fitting curve. Source: EPEX SPOT and German Transmission System
Operators (TSOs).
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Monthly averages. = We have two main reasons to focus on monthly parameters. The first
is because those are “deep” parameters related to the producers’ cost production that do not
change over a short horizon. The second is that we are interested in constructing monthly spot
prices to ensure consistency with the definition of monthly futures contracts. Once we obtain
the hourly estimates, we compute a weighted average to obtain monthly parameters, which
should be interpreted as the hourly average for each month of the period analyzed. To this end,
we first winsorize the estimates at 90% on a monthly basis to avoid outliers; then, we weigh the

hourly estimates by the adjusted R2 of the estimation when computing the monthly weighted

29We remove those hours where the parameter’s confidence intervals go to infinity or give NaN (we eliminate
368 curves or 0.5% of the total sample).

39To obtain Ny = Nt = Ng, we use the list of trading participants from EEX in the German market in 2018.
This list reports that 58 companies were trading in the futures market. Since we cannot classify them between
conventional and intermittent power producers or retailers, we assume that 20 are retailers, 20 are intermittent
power producers, and 20 are conventional producers. Our results are rather insensitive to this assumption.
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averages. Thus, the closer the adjusted R2 is to 1, the more weight the hourly estimate has
in the monthly parameter.3! Finally, we use equation (37) to obtain the cost parameters of

interest.

4.1.2 Estimates of the kinks Q and 5

Figure 8 shows the results of the estimates for the right and left kinks.

Figure 8: Monthly estimates of parameters () and Q

Figure 8 shows the average monthly estimates of parameters @ and @, following the approach described in section
4.1.1. First, we perform a linear interpolation to smooth the hourly cumulated bids on the spot market. Second,

we fit the data into a third-degree polynomial, and we define the kinks (Q and Q) as those points on the curve
where the first derivative of the polynomial is equal to zero. Third, we compute the monthly weighted averages
after windsorizing at 90%. Fourth, we recover the model parameters Q and Q from equation (37) in Appendix
C.3. The purple area represents the parameter @, and the orange one is the parameter Q. For comparison
purposes, we plot the total demand Qp in red and the residual demand Qrp in blue. B
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The figure shows that in the short run, parameters remain relatively stable. It also illustrates
the long-run evolution of conventional producers’ costs. Take, for example, an hourly supply
level of 20GW. By the end of 2014, this quantity was in the concave area (as @, > 20 for

2014-01

instance), but as of 2016, it was already in the middle segment (as @ < 20 < Qq916_01 for

2016—01
instance). The total and residual demand displayed in Figure 8 remain relatively constant over
time, ruling out the possibility that such a reduction results from a drop in demand. The long-
term decrease in () may be due to the increase in intermittent power generation throughout the
analysis period, leading to a decrease in conventional production. Consistently, Figure A.1 in

Appendix A, which reports the net installed electricity capacity in Germany, shows an increase

in wind and solar, a slight growth in gas, and a reduction in nuclear and hard coal installed

31These results are qualitatively similar using equally weighted averages.
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capacity. The rest of the sources maintain their installed capacity constant over time. Therefore,

the gradual decrease in nuclear and hard coal production reduced the number of producers with

low levels of flexibility, which were substituted by other more flexible sources.??

4.1.3 Estimates of the marginal cost parameters

Figure 9 shows the estimates for our main parameters of interest, namely v*, ~%, and V.

Parameters v and 7% indicate the degree of concavity and convexity of the supply curve:

L

provided that ¢ < 0 and 4* < 0, a higher |y"| indicates greater concavity for low residual

demand, while provided that ¢ > 0 and v% > 0, a higher 4v® denotes greater convexity for high
residual demand. The parameter ¢™ depicts the linear marginal cost of conventional producers
when residual demand is between these two extreme cases. It should be positive, capturing
increasing marginal cost in line with the merit order effect. The estimates for the remaining
parameters (¢ and ¢?) are provided in the Appendix D.

Figure 9: Monthly estimates of cost parameters

Figure 9 shows the average monthly estimates of parameters ~E~R and ¢M, following the approach described in
section 4.1.1. Having identified the parameters Q and Q7 we fit the first concave (i.e., where Q < Q) and the

last convex (i.e., where @ > Q) segments of the piecewise function (17) using nonlinear least squares. For each

hourly fitted curve, we obtain values of the parameters ¢-, %, et % and the Adjusted R-Squared. To adjust
the middle segment of the piecewise function and find ¢, we obtain the line that passes through the two kink
points. We recover the model parameters v*, v, and ¢ from equation (37) in Appendix C.3. We compute the
monthly weighted averages after windsorizing at 90%. In panel (a), the purple bars represent the parameter v,

and the orange ones the parameter 4. The blue bars in panel (b) represent the parameter M.

(a) v* and 4™ (curvatures) (b) ™ (linear part)
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With a few exceptions, all parameters are aligned with our model expectations (i.e., ¢f, < 0

and v* < 0, cg and ¥ > 0, and ¢¥ > 0).33 Furthermore, they show seasonality, where

32Germany exiting nuclear before 2011, we observe a minor decrease of nuclear in our data after 2013.
33The estimates of the ¢ and ¥ parameters for March, April, May, July, and August 2013 take positive
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parameters vs show maximum curvatures during summer. The v* parameter shows values
between -1.12 and 0.20, averaging -0.38, while the v parameter ranges between 0.25 and 0.61

and averages 0.43.

4.2 Step 2: Spot Prices and generation slack

As a second step, we use the cost parameters estimated in section 4.1 to determine the conven-
tional producers’ theoretical supply curve, which we match with the residual demand computed
from our data on the realized load demand and intermittent power generation to identify the
clearing prices and quantities. Time series of spot prices are necessary to evaluate the par-
ticipants’ risk exposures that enter the theoretical risk premium in (16), while time series of
quantities enable us to assess the frequencies of prices falling into the three regions of the supply

curves.

4.2.1 Spot prices

For each hour, we compute the spot price (S;,) that clears the market, i.e., such that the
supply from conventional producers equals the residual demand following the equilibrium price
equation (12). This enables us to perform a consistency check by comparing the theoretical
prices obtained from our model with the observed prices. Figure 10 shows the results.

Figure 10: Model spot prices vs. observed spot prices

Figure 10 compares the observed prices (in grey, computed as the monthly average of hourly prices reported
by EPEX-SPOT) and the theoretical spot price (in black. The theoretical spot price is computed hourly from
equation (12), using the monthly cost parameters estimated in section 4.1 and hourly data on load demand and
intermittent power generation, then averaged across hours for each month.)
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values, which violates the constraint ’yL < 0 and ¢y, of our model.
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Our theoretical prices follow the same trends and seasonality as the realized prices, with an

average difference of around 6 Eur/MWh and a correlation of 0.803.

4.2.2 Percentage of spot prices within each region

For each hour, we define three dummies that are equal to one if the clearing volume @), falls
respectively below @, above Q, or in-between. Averaging these dummies monthly, we find the
percentage of times the residual demand is low, high, or medium within a month, corresponding
to the parameters oy, a3, and ag, respectively. Note that this percentage is the same as the
number of times the spot price falls in each region. Figure 11 shows the results.

Figure 11: Monthly estimates of parameters a;c( 23}

Figure 11 shows the percentage of times the spot price falls in the different segments of the supply curve. The left
(concave) segment of the curve is shown in purple, the middle (linear) segment in blue, and the right (convex)
segment in orange.

100% Sm=m =

90% || H A H L L H] H | | | HAH

80% | H | HHH W L H ( il M

70% L = ||

60% H

50%

40%

30%

20%

10% H H | M

0% P L L R R L L [ PLAL L LR L ]
M W A N N W A N MM W AN M W O N M W A N N W
@ QP QI GO0 9 9 9o 9 9 g9 Q9 g0 9
M MmO MmO N T T T T N W W W W O NN NN 0O ®
L=l = = = = = = = = = = = = = = = = = = = = =
©O ©O O O O ©O O O O O 0O 9O O O O 9O 9 9 9 O 9O o
N AN N N N N N NN AN AN NN NN NN NN NN

Walpha_1 Oalpha_2 DOalpha_3

We observe that approximately 85% of the time, the equilibrium spot price falls within the
middle residual demand zone. This suggests that conventional producers are generally effective
in anticipating residual demand and avoiding extreme regions where they are forced to sell at
negative prices or switch on their inefficient power plants. We also observe seasonality: prices
fall more frequently into the convex region during winter, when residual demand is high.

Besides, this percentage as shows an increasing trend. The decrease in the probability oy
characterizing the concave region since 2013 may be related to the EEG 2014 reform and the
decrease in nuclear and hard coal installed capacity. After March 2017, the decrease in the
probability as characterizing the convex region suggests that producers’ capacity to generate

power more efficiently may have improved over time. Also already pointed out, this is consistent
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with the observed increasing trend in @ that is likely to be related to the increasing wind and

solar net installed capacity in Germany reported in Figure A.1 of Appendix A.

4.3 Step 3: participants’ risk exposures

We use the retail price, the marginal costs of wind and solar, and the feed-in-tariffs collected
from the databases listed in section 2 to calibrate parameters Pg, 0, and 0, respectively. As a
third step, having estimated the cost parameters and the probabilities aje(1 23}, We now can
assess the participants’ non-diversifiable risks introduced in (16), which determine the futures
risk premium. We compute the covariances between conventional producers’ cost and the spot
price, intermittent power volume and the spot price, and residual demand and the spot price.
Figure 12 displays the time series of the corresponding correlations (to ease comparability.)3*

Figure 12: Time series of non-diversifiable risks

Figure 12 shows the evolution of non-diversifiable risks across time. For comparability, we plot corre-
lations instead of covariances. The conventional producers’ cost risk, in brown, is computed here as

2 -
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intermittent power producers’ cost risk, in green, is computed here as (6 — 6) Corr (Q I, S), The retailers’ revenue

M

risk, in grey, is computed here as Pr x Corr (@D, S). Parameters c&, vF, M, ¢F, ~F, 0jeq1,2,3) are estimated

as described in sections 4.1 and 4.2.2, and used to compute time series of theoretical spot prices.
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The figure first reveals that the retailers’ revenue risk is positive, suggesting that load de-
mand still drives the clearing spot prices. While the conventional producers’ cost risk is positive,

as expected, the intermittent power producers’ cost risk is negative. This suggests that the en-

34For completeness, their diversifiable risks (i.e., producers’ revenue risk and retailers’ cost risk) are reported in
Appendix D.1.2. The comparison between diversifiable and non-diversifiable risks shows that, in absolute value,
the former is more significant than the latter. This suggests that the futures market enables participants to hedge
their main risk exposure, which are the diversifiable risks.
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try of these producers is not innocuous, as their hedging behavior is unlike that of conventional
producers.

The three series further exhibit a strong seasonality. The magnitude of market participants’
risk exposures is higher in winter. For conventional producers and retailers, this is in line with
the seasonality of the frequencies of extremely high prices in the convex region when the load
demand is high. For intermittent power generators, it is likely due to the characteristics of

intermittent power in Germany, which exhibits a strong seasonality as shown in Figure 4.

4.4 Step 4: Risk aversion

To identify the final parameter A corresponding to the market participants’ risk aversion level,
we start from the risk premium’s equation (16). Using average monthly observations or estimates

over the sample period, the model implies that:

Nim Zglﬁ (Fr—1i7 — Sr)

N—lm ¥21 <(‘()1‘("/'('\v,.. St) + cov((6r — 07)Q1,, ST) — cov(PrrQp,, ST) — €OV (WUFM, S“))
(18)

A=

9

where N, is the number of delivery month observations in our data. The numerator is the av-
erage one-month-ahead risk premium. The denominator is computed from the average monthly
risk exposures reported in section 4.3 after retrieving the total number of participants (IV), Feed-
in-Tariffs (), retail price (Pr), and marginal costs of renewables () from external sources. We
collect data on the annual market capitalisation of the Frankfurt Stock Exchange for Statistica
and daily adjusted prices for the DAX index to compute the covariance cov (WofM, 5’) We

find A =0.011.3°

5 Counterfactual Analysis

With counterfactual simulations, we study the impact of increasing intermittent renewable
power generation in the production mix by 1 percentage point (p.p.) on electricity spot prices

and futures risk premia.

35Since Figures 3 and 12 respectively show the time series of the risk premium and the risk exposures, we do
not report their summary statistics in a Table.
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5.1 Simulations

We run np = 1,000 simulations for futures prices and risk premia in the various cases we
analyze. These simulations are each based on beliefs relative to demand and supply and the
induced expected spot price at the delivery date. To characterize these beliefs, we generate

ng = 1,000 observations of production and consumption variables affecting the spot price.

Spot prices at the delivery date. We first draw a realization m of total demand and
intermittent production (Qp, Qr) from the following multivariate normal distribution:

A 2
D D o oD,I
Q - N 1% D ,

QI 1) op,y O %
With the realized values of @ p and )j, we use our parameters’ estimates to determine the the-
oretical spot price that clears the market .S, using equation (12), and compute the participants’

costs and revenues.

Futures prices. To form a belief k£, we compute the following statistics based on ng real-
izations of demand, supply and the induced prices in the spot market: the average spot price
(Sk = % > s | Sm), and the covariances between participants’ costs or revenues and the spot
prices. We use these statistics and apply equation (16) to find the futures price Fj and the risk

premium RPj in each simulation k € [1,np]. Our counterfactuals compare the futures price

F = é zgg 1 Fi, risk premia, and risk exposures averaged across np series of simulations.

5.2 Scenarios in the counterfactual analysis.

The key feature of our counterfactual analysis is an increase of the mean of intermittent power

from py to u}% = pr + 1% X pp in our simulations, that is, an increase in one percentage point

in the total production mix (keeping total demand constant).
However, we are aware that an increase in the level of intermittent power generation is

likely to impact the variability of the volume of intermittent power (measured by its standard

oD.I

deviation, o), as well as its correlation rp; =
) 3 s oDOT

with the load demand, as illustrated in
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Figure 13, panels (a) and (b) (see also Figure D.3 in time series). An increase in the standard

deviation indicates greater intermittency of renewables, while an increase in correlation with

the load demand suggests a better integration of intermittent renewables into the system.36

Figure 13: Moments of intermittent power generation

Figure 13 plots the standard deviation of the intermittent renewable energy generation (o7) in panel (a) (resp.
the correlation between intermittent power generation and demand (rp,; = Corr(Qp, Q1)) in panel (b)) against
the percentage of intermittent renewable generation in the energy mix (g—é%). FEach dot represents the monthly
standard deviation (resp. correlation with load demand) computed from hourly power generation data. We split
months of observation by season. Blue (resp. green, yellow, orange) dots show the standard deviation (resp.
correlation) for the months in Winter (resp. Spring, Summer, Fall) season. Winter (resp. Spring; Summer; and
Fall) corresponds to December, January, February (resp. March, April, May; June, July, August; and September,
October, November). Additionally, a gray dashed line shows the linear regression fit, estimating the relationship
between the percentage of intermittent renewable generation and its standard deviation (resp. the correlation
with load demand). The slope of this line, labeled as di (resp. 131), indicates the estimated variability in Q7 (resp.

in Corr(Qp,Qr)) relative to the percentage of intermittent renewable generation in the energy mix (g—}’)%).

(a) Monthly o5, (b) Monthly Corr(Qp,Qr)
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Figure 13, panel (a) shows that the volatility of intermittent power production is positively
related to the percentage of intermittent renewable generation in the mix, which may be due
to the challenges of integrating this source into the system. Figure 13, panel (b) illustrates a

positive correlation between intermittent renewables Q)7 and total load Q) p, with higher values

36We acknowledge the complex relationship between spot prices and variable costs of generation as several
factors, such as ramping costs, minimum operational constraints, and portfolio dynamics, contribute to the
divergence between spot prices and variable costs. Our approach simplifies this complex relationship.
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observed in spring/summer (around 0.56) and lower values in autumn/winter (around 0.05).
It is interesting to observe values close to zero during autumn/winter despite this being the
season simultaneously characterized by the highest wind production and the highest demand
in the German-Austrian region. This low correlation could be linked to the grid’s limitations
in managing wind energy intermittency, which may lead to curtailments and blackouts, or to
the increasing demand for conventional power during high-demand periods such as winter, thus
weakening the correlation between total demand and intermittent renewable production.

To capture these empirical features, our counterfactual analysis consists of shocking mo-
ments of intermittent power generation. ;e assume that an increase by 1 p.p. of intermittent
production would change the variance-covariance matrix of the multinormal distribution as

follows:

®Qp D 0'2D asrp,rop(aior)
~ N ) M

Qr pr + 1% X pp asrp,rop(aior) (a107)?
where parameters a; and as represent the correlation between volatility or correlation with load

demand and the share of intermittent power in the production mix.

5.3 Calibration

Overall. We first conduct a counterfactual analysis based on the structurally estimated pa-
rameters averaged over the full sample. We calibrate the characteristics of the distribution
based on the means pp and puy, volatilities op and oy, and covariance op ; of the load demand
and volume of intermittent power observed in our data. We estimate the coefficients a; and as
(defined in equation (19)) that relate the share of intermittent power in the production mix with

its volatility and covariance with demand, respectively, from the following OLS regressions:

or = ao+a1g;+€1 (19)
rpi = bo—i—blg;—i-sg.

The corresponding parameters are provided in column (1) of Table 2.
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Table 2: Values of the parameters used in the simulations

Table 2 reports the parameter values for the Monte Carlo simulations. In Column (1), estimates are averaged over
the sample period. In Columns (2) and (3), we focus on one source of intermittent power generation: solar or wind.
In Columns (4) and (5), we split the sample into a Summer and a Winter season. We adjust our OLS regression
estimating parameters a1 and ag defined in (19) as follows: g7"™™ = g™ +a§“mmer%ﬂ +a§“mmerQ‘fQ‘/7;"d +e,
T%l’l?mer _ baummer + bsl‘ummerQﬂ + b;‘ummer QVQV;nd +e, U}vinter _ aavinter + a‘l’vmter% + a;vinter Qg;nd +e, and
Tv[\;i’r}ter — bxo’vinter + b\INinterQQﬂ + b;vinter Qggﬂd + €.

In panel (a), the monthly time series of the parameters Pr, d,and 6 come from the databases listed in sec-
tion 2. We report their average ratio over the monthly observed spot price. In panel (b), parameters
Q,Q, cL,fyL/NN,cM/NN,CR,’yR/NN, come from the structural model’s estimation in section 4.1, a1 and as
are obtained after computing the spot price in section 4.2, and parameter A is estimated from futures prices us-
ing formula (16) as described in section 4.4. In panel (c), we report the descriptive statistics of power generation
and load demand, that is, the mean load demand and its volatility, the share of intermittent renewables in the
mix, the mean volume of intermittent power generation, its volatility, and the correlation between demand and
intermittent power generation. Panel (d) shows the variation in volatility or and correlation rp,; following a 1
p.p. increase in intermittent power generation, using the estimates a; and by from regressions in (19), reported
in Table D.2 in Appendix D.3.

Parameter Overall Summer Winter
All Wind Solar Wind Solar
(1) (2) (3) (4) (5)

(a) External data sources

Pr/S 4.31 4.34 4.26

5/8 0.3 0.33 | 0.27 0.33 | 0.27

6/S 0.77 0.84 0.9

(b) Parameters from the structural estimation

Q 14.45 14.58 13.28

Q 21.31 20.52 21.13

cl -278.79 -358.51 -211.31

vV /Ny -0.38 -0.51 -0.31

M /Ny 12.33 4.05 5.7

cf? 3.84 2.75 5.32

YR /Ny 0.43 0.51 0.36

a1 2.3% 3.1% 0.5%

o %) 83.6% 89.4% 78.1%

| A | 0.011 | 0.011 | 0.011 | 0.011 | 0.011

(¢) Parameters of the distribution <QD, Q[> (baseline)

1D 28 26.83 29.39

oD 9.86 9.70 4.41

S 23.75% 11.85% 11.7% 22.24% 2.18%

I 6.65 3.18 3.14 6.87 0.64

or 8.18 4.24 7.48 8.09 2.45

DI 0.34 -0.01 0.63 0.67 0.38

(d) Parameters of the distribution

(QD,QI) after the 1 p.p. increase in jg

i 0.213 0.186 0.376 0.200 20.078
b, 0.0013 20.0069 0.0255 0.0003 0.0616
Q' 24.75% 12.85% 12.7% 23.15% 3.18%
1% 13.23 6.35 7.06 13.25 1.3
ol% 8.39 4.43 7.86 8.29 2.37
% 0.341 20,015 0.655 20.060 0.370
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Integration and intermittency Scenarios. Column (1) of Table 2, panel (d) shows the
variation in parameters pr, oy and rp; in the counterfactual analysis. To understand which
parameters drive the effects, we decompose them as follows. The “Intermittency” scenario
focuses on the impact when only the volatility o7 changes while the correlation rp ; remains the

same, while the “Integration” scenario does the opposite. Our decomposition can be summarized

as follows:
“Intermittency & Integration” ,u}% = pur + 1%up J}% = a0y lej%} =birp,s
“Intermittency” u}% = ur + 1%pup 0}% =ay07
“Integration” u}% = pur + 1%up rgyf’[ =birpr

Cases focusing on specific seasons or power source. Because an increase in wind and
solar power have different intermittency and integration characteristics, we run our counter-
factual analysis distinctly for these two power generation sources by considering that the one
p-p- increase of intermittent power in the mix solely stems from one power source and keeping
the other parameters constant. Table 1 indeed suggests that wind and solar may have different
impacts on the risk premia. Besides, Figure 3 shows seasonality in the risk premium, which
may be related to the strong seasonality in intermittent power generation (see Figure 4), in
demand (see Figure 8), or in cost parameters (see Figure 9). As a second step, we thus split our
sample and compute parameter values averaged by season (winter vs. summer) and the source
of intermittent power (wind vs. solar).

Table 2, Columns (2) to (5) report the parameter values used in our simulations. Parameters
used for each season are computed from averages of the months in the season or based on values
obtained from the separate seasonal estimations. In Winter (i.e., December, January, and
February), the amount of intermittent power is slightly higher (24.42%); it is mostly generated
from wind power; the supply curve is characterized by low curvatures; and demand is high. In
Summer (i.e., June, July, August), the amount of intermittent power is slightly lower (23.55%);
approximately half of it is generated from wind and the other half from solar; and the supply
curve is characterized by high curvatures.

Inspecting Columns (2) and (3) (resp. (4) and (5)) of Table 2 allows for a comparison
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between wind and solar statistics during Summer (resp. Winter). A one p.p. increase in either
wind or solar has a different impact on the parameters of the multivariate normal distribution.
While an increase in wind power increases volatility, an increase in solar power might reduce it.
Besides, while solar power is highly correlated to load demand, an increase in wind power yields
a lower correlation. These variations, though small, show that wind is a more intermittent

source than solar, and that solar integrates better into the system.

5.4 Main results

Table 3: Counterfactual analysis

Table 3 reports the average Spot price, Futures price and risk premium across nr simulations in the baseline
case and counterfactual scenarios where the share of intermittent power in the production mix increases by 1 p.p.
The Intermittency & Integration, Intermittency, and Integration scenarios reported in Columns (1), (2), and (3)
are described in section 5.3. Columns (4) to (7) report the results when parameter estimates are calibrated on a
subsample of the data, focusing on Seasons or the source of intermittent power generation. We report the spot
and futures prices observed in our data for comparability.

Overall Splitting the data
Summer Winter
Wind  Solar Wind Solar
1) (2) (3) (4) (5) (6) (M)
(a) Average Spot Price
Baseline 29.80 29.78 29.78 37.53 37.89 35.33  42.10
One p.p. increase 29.30 29.27  29.32 37.19 37.51 34.66 41.89
Diff. -0.50  -0.50 -0.46 -0.34  -0.39 -0.66  -0.22
Average % variation -1.63  -1.65 -1.50 -0.88 -1.01 -1.86  -0.51
(b) Average Futures Price
Baseline 38.30 38.26 38.33 28.91 33.19 39.31  42.67
One p.p. increase 3790 37.85 37.57 28.43  32.69 39.10 4247
Diff. -0.40 -0.41 -0.76 -0.47  -0.50 -0.22  -0.19
Average % variation -0.98  -1.01 -1.92 -1.57  -1.47 -0.55 -0.45
(c) Average Risk Premium
Baseline 8.50 8.48 8.56 -8.63  -4.70 3.99 -0.56
One p.p. increase 8.60 8.57 8.25 -8.76  -4.81 4.43 0.59
Diff. 0.10 0.10 -0.30 -0.14  -0.11 0.45 0.02
Average % variation 1.82 1.73 -2.95 1.78 2.74 11.92 4.28
Scenario
Intermittency (0}% =a107) Yes Yes No Yes Yes Yes Yes
Integration (7“1130/;01 =birp,1) Yes No Yes Yes Yes Yes Yes
Data
Observed Spot Price 33.69 34.03 34.27
Observed Futures Price 38.39 32.51 37.03

Overall. Table 3, column (1) displays the impact when the model’s parameters estimates
and the calibration of the distributions are based on the entire sample (see Column (1) of Table

2). Panel (a) shows that increasing intermittent power in the production mix decreases spot
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prices. More precisely, one p.p. increase of intermittent power in the mix yields a decrease of
1.63% in the spot price, or approximately €0.50. This is consistent with renewables having low
marginal costs, which decreases prices. Panel (b) shows that futures prices also experience a
decrease in prices, by 0.98% or approximately €0.40.

Our main object of interest, the risk premium, is reported in Panel (c). On average, it
is positive across the entire sample. Here, it is key to note that the feed-in tariffs outweigh
the marginal costs of intermittent power generation over the period 2013-2018, ie., § < 6.
Consequently, while the correlation between intermittent power generation Qr and the spot
price S is negative, the intermittent power producers’ cost risks positively contribute to the risk
premium. Consistently with our results reported in Panels (a) and (b), we observe an increase
in the risk premium by €0.10 or 1.82%. Although both prices decrease, the price shift observed

on the spot market is not fully transmitted into futures prices.

Intermittency vs Integration. A comparison across scenarios shows the increase in the
risk premium is mostly driven by the increase in volatility in the Intermittency scenario reported
in Table 3, column (2).%”

By contrast, the risk premium decreases in the Integration scenario reported in column (3)
when the higher share of renewables increases the covariance between load demand and inter-
mittent power generation. The latter effect is, however, offset by the increased intermittency in
the Intermittency & Integration scenario.?®

Besides, the finding that better integration does not necessarily reduce the risk premia, or
insufficiently to compensate the impact of increased intermittency is driven by the fact that in

our data, average feed-in-tariffs are higher than the marginal cost of renewables.?? This distort

risk exposures and increase futures prices. If subsidies for renewables were reduced, improved

37An inspection of the components of the risk premium (building on the theoretical risk premium formula
(16)), unreported here, suggests that the increase in the risk premium is driven by an increase in the intermittent
power producers’ cost risk — which is related to the increased volatility in intermittent power generation.

38 Again inspecting the components of the risk premium, we find that the better integration of intermittent
power in the system decreases the non-diversifiable risk exposures of all participants. The reduction in conven-
tional and intermittent power producers’ cost risks outweighs the one in retailers’ revenue risks, resulting in a
significant decrease in the risk premium.

391t is important to consider the changing nature of renewable subsidies over time. For instance, during our
study period (2013-2018), Germany introduced Feed-in Premia (FIP).
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system integration would induce a larger decrease in risk premia.

Summer vs Winter.  Table 3, Columns (4) to (7) report the results when the model is
calibrated using parameter estimates averaged over the Summer or Winter season. Consistent
with the seasonality already mentioned, risk premia are, on average, negative in Summer (when
retailers are at risk due to low demand) and positive in Winter (when producers are at risk due
to potentially high demand). As in the overall case, we find that increasing intermittent power
reduces both the spot and futures prices — an effect likely to be driven by its lower marginal
costs. However, panel (c) shows that it always increases the risk premium: when it is negative,
as in Summer, its impact on Futures prices amplifies the decrease in Futures prices relative to
spot prices, while when it is positive in Winter, Futures prices do not decline as much as spot
prices.

Besides, prices and risk premia respond more to an increase in intermittent power in Winter
than in Summer. In Winter, intermittent power displaces power produced at higher marginal
costs since demand is large. Further decomposition shows that this result remains driven by the
increased intermittency. During Winter, the increase in intermittent power producers’ cost risk
is the primary factor affecting the positive risk premium. The better integration of renewables
into the system during both seasons, but more particularly in Summer, causes risks to decrease
for all market participants, but this effect does not balance the impact of increased intermittency

on the risk premium.

Wind vs solar. We now compare Table 3, Columns (4) and (5) or Columns (6) and (7) to
assess how the sign and magnitude of the impact of intermittent power generation depend on
the energy source. In line with the findings observed in the reduced form in Table 1, we find
that wind and solar have different impacts on the risk premium. In Winter, an increase of one
p.p- in intermittent power increases the risk premium by 4.28% when generated by solar power
but by 11.92% when generated by wind power. Conversely, the impact of solar is larger than
wind in Summer.

These differences between the magnitude of the impacts of the two energy sources can be
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explained by a higher integration between solar generation and demand, which lowers the non-
diversifiable risks for all market participants. Although the intermittency in both sources is very
similar, we observe a higher increase in the intermittent power producer’s cost risk related to
intermittency for wind than for solar power, contributing to a higher and positive risk premium

when the increase in intermittent power stems from wind power.

6 Conclusion

This paper studies the impact of the growth of intermittent renewables on hedging strategies,
futures prices, and risk premia in power markets. We develop a simple equilibrium model that
we structurally estimate to perform a counterfactual analysis, in which we look at the effects
of a 1% increase in renewable energy production, both in terms of the intermittency of the
renewable source and its integration into the system. According to our simulations, this change
could lower the spot price by about 1.6% due to a merit order effect — a value which can vary
depending on the impact of intermittency and integration on prices. However, this decrease in
spot prices also comes with a rise in the risk premium of around 1.8%. We also find that the
impact on the premium is stronger when intermittency is higher and there is less integration of
intermittent power in the system.

Our results shed light on the mixed empirical findings in the literature that has analyzed
the impact of an increase in intermittent power on the volatility of power prices. We show that
this impact is dependent on the characteristics of the source of intermittent power generation,
and its correlation with load demand in a region. One of the key takeaways from our analysis
is that enhancing the integration of renewable sources decreases not only the spot price but
also the risk premium. This better integration reduces non-diversifiable risks for all market

participants, possibly outweigthing the negative effects of its increased intermittency.
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Appendices

A Appendix: Characteristics of power generation in Germany
A.1 Net installed electricity generation capacity in Germany

Figure A.1: Net installed electricity generation capacity in Germany

Net installed electricity generation capacity in Germany. Source: Fraunhofer ISE
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B Appendix: Reduced form analysis
B.1 Recovering Short Run Marginal Costs

This section explains our computations on the Short-Run Marginal Cost of fossil energies. The
first part is the marginal cost of the fuel needed to produce one MWh of electricity. This cost
considers the efficiency of the plant used, expressed as the percentage of energy, out of the total,
converted into electricity. The second part of the formula depicts the marginal cost of carbon
emissions, where the emission intensity factor approximates the amount of CO2 released per fuel
type. We obtain from Refinitiv the daily prices of the EU emission allowances from 01.03.2013
to 31.08.2018. These prices are expressed in Eur/TCO2. Again, Refinitiv considers the plant’s
efficiency in this calculation. The third part of the formula accounts for the operation and
maintenance costs. Table B.1, Panel A shows the values used by Refinitiv in the SRMC over
the period from 2014 onwards:

Table B.1: Short Run Marginal Costs

In Panel A, we report values from Refinitiv-Eikon to compute the SRMC (Source: Refinitiv-Power composite
methodology and specification guide). In Panel B, we report the values from our own computations. We obtain
efficiency percentages from an ECOFYS report (2018) and emission intensity factors from EIA (2005). We keep
the operation and maintenance costs for coal and gas from Refinitiv. For oil, we employ those reported by DIW
Berlin (2013).

Panel A: Refinitiv-Eikon reported values to compute the SRMC

Coal Gas
Heat value [Gj/MWHh] 10 7.2
Efficiency [%] 36 50
Emission intensity [tC0O2/Gj] 0.094 0.056
O&M costs 4.4 [eur/MWHh] 3.2631 [GBP/MWHh]

Panel B: Our values to compute the SRMC

Coal Gas Oil
Efficiency [%] 44 48.5 38
Emission intensity [t CO2/Gj] 0.0946 0.0561 0.0741
O&M costs [eur/MWh] 44  3.2631 [GBP/MWh] 3

We use this formula to complete coal and gas and to create oil time series. However, we first
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convert the original units into MWh since coal is expressed in metric tons and oil in barrels. For
this, we rely on the information provided by the US Energy Information Administration (EIA),
which uses the British thermal units (Btu) as a reference unit to compare the energy produced
by different units (barrels of oil, metric tons of coal, terajoules, etc.).*® Once we convert prices
to MWh, we apply the formula (2) using the following values for all the sample periods.

Note that we change the efficiency and intensity emission values to keep the same reference
sources among the three fuels and, thus, minimize possible distortions in the marginal costs de-
rived from obtaining the data from different sources. Figure B.1 shows the comparison between
the SRMC provided by Refinitiv and our time series, for coal (Panel (a)) and gas (Panel (b))
power plants respectively.*! As can be seen, the differences are minimal. Our marginal costs
capture the same upward and downward trends as Refinitiv’s. Panel C displays the marginal
costs for the three fuels from our computations. The figure shows that the marginal costs of
oil have remained significantly above the cost of the other two fuels while, most of the time of
analysis, the marginal cost of coal has been the lowest. Only in the summer of 2017 did prices
switch between gas and coal. In addition, marginal costs show a downward trend until February

2016 and continue with an upward trend until the end of our study period.

40 According to the EIA equivalences, 1 barrel of crude oil equals 5.691M of Btu while one metric ton of coal
equals 18.856 of Btu. Also, 1M of Btu is equivalent to 0.29 MWh.
“n Refinitiv, prices are found with the quote: SRMCTTFMecl (for gas) and SRMCAPI2Mecl (for coal).
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Figure B.1: Short Run Marginal Costs: Comparison of Refinitiv (when available) vs.
our own computations

Figure B.1 presents the dynamics of the short-run marginal costs of coal and gas power plants computed follow-
ing the in (2) (Source: Refinitiv-Power composite methodology and specification guide). We obtain efficiency
percentages from an ECOFYS report (2018) and emission intensity factors from EIA (2005). We keep the oper-
ation and maintenance costs for coal and gas from Refinitiv. For oil, we employ those reported by DIW Berlin
(2013). In subfigures (a) and (b), we compare our estimate with the values provided by Refinitiv for coal and
gas, respectively, after 2014.

(a) Marginal costs of coal power plants (b) Marginal costs of gas power plants
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B.2 First stage

B.3 Electricity Prices and marginal costs of power generation

As a consistency check, we first analyze whether the short-run marginal costs of the various
energy sources used in power generation influence the electricity spot price and the risk premium

on futures markets. Using monthly data, we run the following OLS regression:

Yr = ap+a1SRMC_COALp+asSRMC_GASt+a3SRMC_OILp+aysSRMC_INTMTr+asFITp+erp,
(20)
where SRMC'_j are the short-run marginal costs from source j, and FIT the feed-in-tariffs of
wind and solar power generation. Our dependent variables Y are the monthly average spot
price S, and the one month ahead risk premium RP = Fr_; . Table B.3 reports the results.
Table B.3 shows that the short-run marginal costs of coal, gas, and renewables positively
impact the spot prices, while the feed-in-tariffs negatively impact them, as expected. Spot
prices do not appear significantly related to the short-run marginal cost of oil, which may not
be surprising since the latter is last in the merit order. Risk premia do not seem to be affected
by the costs of conventional power generation. However, the risk premium seems sensitive to

both the costs and subsidies on intermittent power generation.
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Table B.2: Determinants for intermittent power generation

Table B.2 reports coefficients (t-statistics) from the first stage regressions of spot prices and the futures risk
premium on intermittent power generation. SOLAR POWER and WIND POWER are instrumented by sunshine
duration and wind speed, wind velocity, and precipitation, respectively. The control variables of the second stage
regression are included and consist of the short-run marginal costs of coal, gas, oil, renewables, feed-in-tariffs,
temperature, three dummies SUMMER, FALL, and WINTER that capture seasonality, and year fixed effects.
**x ** and * denote significance levels of 1%, 5%, and 10%, respectively.

SOLAR POWER WIND POWER SOLAR POWER WIND POWER

(1) 2) 3) (4)
SUNSHINE DURATION 0.0119*** 0.0126™** -0.00751
(6.163) (5.152) (-1.281)
WIND VELOCITY 5.738 -1.123 3.288
(0.968) (-0.433) (0.531)
WIND SPEED -3.094 1.132 -0.763
(-0.526) (0.442) (-0.125)
PRECIPITATION -0.00894 0.00257 -0.0113*
(-1.424) (0.944) (-1.735)
SRMC_COAL -0.0505** 0.0911* -0.0493** 0.0839
(-2.455) (1.801) (-2.328) (1.660)
SRMC_GAS 0.0171 -0.0179 0.0197 -0.0145
(1.080) (-0.445) (1.170) (-0.360)
SMRC_OIL 0.00875 -0.0328™" 0.00929 -0.0301*
(1.349) (-2.011) (1.358) (-1.840)
SRMC_INTMT -1.350"** 2.664*** -1.429%** 2.251%**
(-3.756) (2.963) (-3.595) (2.371)
Feed_in_tariffs FIT 0.00560 0.123*** 0.00520 0.131***
(0.509) (4.124) (0.411) (4.328)
Dummy SUMMER -0.279 0.0122 -0.307 -0.104
(-1.492) (0.0246) (-1.465) (-0.208)
Dummy FALL -0.905"** 0.902* -0.859*** 0.487
(-4.217) (1.885) (-3.567) (0.847)
Dummy WINTER -1.005*** 0.669 -0.958*** 0.464
(-5.363) (1.474) (-4.783) (0.969)
TEMPERATURE 0.0781*** -0.0116 0.0677*" 0.0342
(3.149) (-0.198) (2.380) (0.503)
Dummy_ 2014 0.447* -0.174 0.503* -0.150
(1.872) (-0.288) (1.995) (-0.249)
Dummy_ 2015 3.224*** -3.602** 3.413*** -2.553
(4.394) (-2.011) (4.163) (-1.304)
Dummy_ 2016 2.722%** -1.427 2.912*** -0.673
(4.293) (-0.900) (4.138) (-0.400)
Dummy_ 2017 3.741%** -0.462 3.884*** 0.528
(4.958) (-0.256) (4.757) (0.271)
Dummy_ 2018 2.842%** 1.775 2.929*** 2.549*
(5.161) (1.385) (4.964) (1.808)
Constant 13.67*** -30.93"** 13.93*** -26.30"*"
(3.900) (-3.686) (3.664) (-2.894)

Observations 66 66 66 66
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Table B.3: Electricity prices and short-run marginal costs

Table B.3 reports coefficients (t-statistics) from OLS regressions of spot prices (in column (1)), and futures risk
premium (in column (2)) on short-run marginal costs of coal, gas, oil, renewables, and feed-in-tariffs. *** **
and * denote significance levels of 1%, 5%, and 10%, respectively.

Spot price  One month-ahead risk premium

St Fr_i7—Sr
(1) (2)
SRMC_COAL 0.402*** 0.0708
(4.776) (0.850)
SRMC_GAS 0.241*** -0.0659
(2.722) (-0.753)
SRMC_OIL 0.0655 0.00993
(1.320) (0.203)
SRMC_INTMT 0.259 2.066"*
(0.263) (2.120)
Feed_in_tariffs FIT  -0.320*** 0.298***
(-4.024) (3.795)
Constant 7.791 -29.39"*
(0.692) (-2.640)
N 66 66
R? 0.684 0.304

C Appendix: Proofs
C.1 Proof of Lemma 1

To determine the optimal quantity to be sold/buy on the futures market, qZF , we solve the par-
ticipant’s maximization problem n;%x EU|m;] = E x| — éVar[fri]. Let a; define the probability
that the residual demand falls in region j € {1,2,3} and a3 = 1 — a1 — ap and let R; denote the
corresponding event. The unconditional expectation and variance of the participants’ profits 7;

depend on the probabilities of prices falling in these regions. We calculate them using the law

of iterated expectations and the law of total variance, respectively, as follows:

3
E[#] =) a;E[#[R] (21)
=1
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Var([w;] = E[Var[7|R;]] + Var[E[7:|R;]]

2
3 3
Z Var(m|R;] + Z o; (E[7i|R,]) Z a; E[7;|R,] (22)
With these expressions, the participant’s expected utility becomes:
2
Zaj [Ti|R;] — ZajVar 7i|R;] —i—Za] E[7i|R;]) Zozj 17| R ;]
The F.O.C. of the maximization problem is such that dEdUl[;r’] =0, with:
dEU[#) i dE[7|R;)
dqZ Y dql
3 3 - 3 -
A dVar m]R ] _ dE[T;|R;] _ dE[T;|R;]
—5 Z +22ajE[7ri|Rj]dT]_2 ZO&jE[ﬂﬂRj] TJ
j=1 j=1 i j=1 i
which simplifies as follows:
- 3 - 3
dEU 7] dE[7T;|R;] dVar[m|R;]
_ . ) 23
dg ; Y agf Z:: dq; >

Next, we decompose the participant ¢’s profit 7 into their but-for-hedging profit, p;, and

their hedging profit. First, we have:
F & ol F &
E[fi|R;) Za] 5IR;] + af (EISIR;) = F) = E [3:lRy] +af (EISIR;] - F)

where p; is independent of qZ-F . Hence

dE[7;|R;]
dqF N

7

E[S|R,] — F. (24)

Second, we also know that:
2 - .
Var [7|R;] = Var [pi|R;] + <qu> Var [S!Rj} + 2¢F Cov [ﬁi, S\Rj} .
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Hence

dVar[m|R;]
dq¥

(2

= 2¢FVar [sm } +2C0v [ﬁi, Smj} (25)

Plugging (24) and (25) in (23), we obtain:

42U ZaE[sm zal (zqz > aVarf§[R,) +2ZaJ00quIRl>

v Jj=1 j=1

=E[S]-F

Finally, the FOC condition yields:

E[S|-F B >0y a;Covlp;, SIR;]
A S aVar[S|R;] Y0 a;Var[S|R,)

g™

C.2 Proof of Lemma 2

Substituting the participants’ optimal demands qN , qI * and qgi* from equation (14) into equa-

tion (15), we obtain:

B _ E(S’) 4 vazl\{ (Z:;:l a;Cov(pn,, S’“?ﬂ) + Z (Z] 1 a;Covlpr,, S|Rj])
+ 2% (S5 aiCovlin,, SIR,))

(26)
To compute the covariances in (26), we first express the participants’ but-for-hedging profits,

which we then use to develop the risk exposures of individual participants before finally applying

the market-clearing condition to find the equilibrium price F™*.

C.2.1 “But-for-hedging profits”

Retailers We substitute the quantity delivered by each retailer, Q R, = %D into the retailers’
profit given by equation (6). Under the absence of any hedging position (qR = 0), we obtain

the “But-for-Hedging” profits for retailers:

Intermittent Power Producers We substitute the quantity offered by each intermittent

power producer, Ql = %} into the producers’ profit given by equation (7). Given the total
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costs of intermittent producers given by equation (8), and under the absence of any hedging

position (qf: = 0), we obtain the “But-for-Hedging” profits for intermittent power producers:

pr. = (%) (5-0+6)-Fr.

Conventional Producers We substitute the quantity offered by each conventional producer,

Q N, = %’fi, into the producers’ profit given by equation (7). Given the total costs of conven-

tional producers given by equation (9), and under the absence of any hedging position (qﬁl =0),

we obtain the “But-for-Hedging” profits for conventional producers:

(%) -r-stew (Be)  wow <

~ ~ 2 ~ —
PN, = S(%)—FN—f(%f> if @ <Qrp <Q,

S(%)—FN—f;exp'yR <%§§\f’> if@<@RD
where Q = NNQN and Q = NyQy-

C.2.2 Participants’ risk exposures

Taking a detailed look at the covariance components in equation (14), we decompose the par-

ticipants’ but-for-hedging-profits p; into costs and revenues, which translates into components
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of the covariance with the spot price as follows:

3 ~ ~
ZajCov(ﬁRi,S’\Rj) = Cov(pr,,S) = Pr x Cov (QD,§> —Cov (5 X QD,§> (27)
Ng Ng

1=j

Retailers’ revenue risk Retailers’ cost risk
3 L

- -0 N L(Qrp\ _
Zoszov(ﬁNi,S\Rj) = Cov (S X ?\;%D,S> —aq (;) Cov exp7 (NN ),S

N

j=1

s ) . ~\~
Conventional producers’ revenue risk Conventional producers’ cost risk in R1

(28)
~ 2 ~

M 3 R R<m) 5

() (5) ) (B o [

Conventional producers’ cost risk in Ra Conventional prodl;gers’ cost risk in R3

3 ~ ~
ZajCov(ﬁIi,g\Rj) = Cov(py,,S) = Cov (S X %, ~> — (6—0)Cov (%, ~>
= 1 I

Intermittent producers’ revenue risk  Intermittent producers’ cost risk

(29)

All market participants’ risks are related to the magnitude and expected signs of the co-
variation between their revenues/costs and the spot price. For a retailer in (27), one would
expect her cost risk to be positive as higher demand will likely induce her to buy a larger
volume while simultaneously exerting a buying pressure which would increase prices. Her cost
risk corresponds to the main (short) exposure a retailer is typically willing to hedge by buying
futures. Similarly, one would expect her revenue risk to be positive as higher demand increases
the volume sold to end-customers at a fixed price, thus increasing her revenues. Her (expected)
positive revenue risk partly offsets her cost risk: because revenues are high when costs are high,
the retailer’s revenue risk acts as a “natural hedge,” potentially reducing her overall (short) risk
exposure.

A similar reasoning applies to a conventional producer in (28): one would expect his revenue
risk to be positive as lower residual demand simultaneously leads to decreased volume — thus,
less revenue — and to lower prices. This revenue risk, which corresponds to the main (long)
exposure a producer is typically willing to hedge by selling futures, is similarly partially naturally

hedged by his cost risk with a covariance also expected to be positive — since higher residual

95



demand increases costs, progressively taking a positive exponential shape. Given the shape of
their marginal costs, conventional producers must also weigh their cost risk according to the
probability of low, medium, or high residual demand.

Intermittent power generation has two potential impacts on participants’ risk exposures. By
contrast with the straightforward logic developed above for conventional producers, the inter-
mittent power generators’ revenue and cost risk exposures in (29) may not be positive. First,
for the revenue risk, the sign of the covariance will depend on whether the volume effect domi-
nates the price effect. Given the merit order, an increase in intermittent renewable generation
decreases the spot price. However, this price effect may be offset by a volume effect. The latter
may dominate the former when intermittent generation is high enough to compensate for the
impact of this price drop on their revenues, but it may not necessarily be the case. Second, for
the cost risk, we might expect a negative covariance between intermittent generation and spot
prices due to the merit order effect. However, the cost risk is also affected by the marginal cost
parameter, 9, and the feed-in tariffs, . When the feed-in tariffs exceed the marginal cost, the
cost risk will be positive, and vice versa.

However, note that intermittent power generation may further impact risk exposures if
highly and positively correlated with demand. If this were the case, indeed, an increase in

demand may become negatively correlated with spot price variations.

C.2.3 Equilibrium futures price

Finally, individual risk exposures are aggregated to satisfy the market-clearing condition (26).

Lemma 2 follows from the observation that:
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=1

- s Qb & & & Qrp - < s Q1 &
> —Cov(SxNR,> +; cov<5x NN,S> +; Cov(SxNI,>

Retailers’ cost risk Conventional producers’ revenue risk Intermittent producers’ revenue risk

= Np —Cov(gxcjifD,5’> + Ny Cov(gx ?\?D7S'> +Nj Cov(gx%,Lé)

R N 1

TV TV
Retailers’ cost risk Conventional producers’ revenue risk Intermittent producers’ revenue risk

=0,

given that @RD = QVD - @].
C.3 A note of the identification of the cost parameters

Recall that from (12), the aggregate supply curve depends on these cost parameters as follows:

;

L .
b exp(y-Qrp) i Qrp < Q

S(Qrp) = %QRD if Q<Qrp <Q

R =
cfexp(3-Qrp) if @ < Qrp

(
where QQrp, the residual load, is defined as the difference between total load @) p and the volume
of intermittent power generation ()7, both defined in section 2.1.

The data we observe correspond to the quantity Q° conventional and green producers are
willing to sell on the spot market after having committed to selling a quantity Q" on the futures
market, i.e., @° = g(S), where g(.) is the aggregate quantity supplied on the spot market at
price S that we observe. From this observed supply curve, one would like to infer the (aggregate)
marginal costs of conventional producers, which are such that the aggregate quantity Qp that
they are willing to supply at price S respects the zero profit condition MC(Qyn) = S.

To fix ideas, let us define g such that g~ (Q° —¢) = goengS. Again fixing ideas, let us assume
that marginal costs of conventional producers take the following form: MC(Qn) = Yoe 9N,
This requires some adjustment to identify vg and v; from the estimation of gg and g¢;.

First, if producers of type i have already committed to selling a quantity Qf =(1-ay)Q;
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on the futures market, they trade on the spot market the remaining quantity, i.e., Qf = ;Q;.

S
Under the assumption that a; = ay = « where a = 8—]3, the conventional producers’ zero

profit condition yields

01
S = ye"ON — Oy _ —1In <S> (30)
o m Yo

Second, the data we observe correspond to the quantity Q° conventional and green producers
are willing to sell on the spot market after having committed to selling a quantity Qf on the

futures market, i.e.,

Q%—l—@}g—c:;ln(i) <:>Q%:11n<;>—a621+c (31)

Combining the conditions provided in (30) and (31), this implies that

Qﬁ]:ailn <S> :lln <;;> —aQr+c (32)

! Yo g1

By appropriately choosing to shift the supply curve by an amount ¢ = a@);, parameters g

and 1 can thus be identified as follows:

Y = 9o (33)

o= ag (34)

Now, we observe in the data the following kinks: ¢ and g, from which we want to infer the

kinks in the conventional cost function @ and Q.

Qrp <Q <= QN <Q <= Q% <@ <= Q% <aQ+aQy,

thus we identify @ and Q as follows:

7 = aQ+aQr (35)

g = aQ+aQp (36)
To sum up, we identify the model’s parameters from our estimates using the supply curve
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on the spot market as follows:

a = QD (37)
Shift = —aQr
k= éand ft=¢f
M = aM
o L and ’yR = o/yR

—aQr

—aQr

O
Il
2lolR Il 8,

D Appendix: Additional material on the structural analysis

D.1 Estimates

D.1.1 Estimation of ¢ and ¢

Figure D.1: Monthly estimates of cost parameters: ¢ and %

Figure D.1 shows the average monthly estimates of parameters cr and ¢, following the approach described in
section 4.1.1. Having identified the parameters Q and Q, we fit the first concave (i.e., where Q < Q) and the

last convex (i.e., where Q > Q) segments of the piecewise function (17) using nonlinear least squares. For each
hourly fitted curve, we obtain values of the parameters ¢*, é¥ and the Adjusted R-Squared. We recover the model
parameters ¢ and ¢® from equation (37) in Appendix C.3. We compute the monthly weighted averages after
windsorizing at 90%. In panel (a), the purple bars represent the parameter c¢”. The orange bars in panel (b)
represent the parameter .
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D.1.2 Diversifiable Risks Estimation

Figure D.2: Time series of diversifiable risks

Figure D.2 plots the time series of diversifiable risks. For readability, we plot correlations instead of covariances.

The conventional producers’ revenue risk, in brown, is computed here as Corr (5' X é RD, S') The intermittent

power producers’ revenue risk, in green, is computed here as Corr (S X Qr, S). The retailers’ cost risk, in grey,

is computed here as Corr (S X @p, S). Parameters ¢, 47, M, c®, A%, Qjeq1,2,3) are estimated as described in

sections 4.1 and 4.2.2; and used to compute time series of theoretical spot prices.
Diversifiable Risks

Conventional power producers revenue
25001 —— |ntermittent power producers revenue

—— Power Retailers Cost

2000

Covariance
2

=
1)
S
3

Figure D.2 depicts diversifiable risks that impact hedging strategies but not the risk premium.
We convert the covariances into correlation coefficients to compare the relationship between
these risks and the spot price. As the figure exhibits, given their high correlation with the spot
price, the retailers’ cost and the conventional producers’ revenue risks are a hedging priority.
The intermittent power producers’ revenue risk is lower, more seasonal, and more volatile. Since
the correlation coefficients are positive, producers’ revenue risk points towards selling electricity
forwards (long position), while retailers’ cost risk points towards a need to buy forwards (short
position).

Note that correlations between revenues and the spot price for producers are higher in
summer than in winter. In particular, revenue risks are close to zero for intermittent power
producers in winter. In summer, both producer types’ hedging needs are more critical because
electricity prices are usually lower this season, representing a higher risk to their revenues.
Conversely, the correlation between retailers’ production costs and spot prices is higher in

winter, as during this season, the spot prices are higher and, therefore, production costs rise.
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D.2 Robustness

D.2.1 Goodness of fit: supply curves and marginal costs

To interpret the results of these parameters, we perform the following linear regressions:

'yﬁ = B X GSRMCi+ B9 x CSRMCy + B3 x OSRMC, + B4 x RL; + Season; + Et(38)

')/tL = B X GSRMCi+ By x CSRMCy + 83 x OSRMC; + B4 x RL; + Season; + €t(39)

where the dependent variables v/ and ~f are the determinants of the concavity and convexity
of the conventional producers’ cost function, respectively. GSRMC, CSRMC, and OSRMC are
the monthly electricity short-run marginal gas, carbon, and oil costs in Eur/MWh, respectively,
defined in section 2.1. RL is the residual load in GWh, and Season; are dummy variables to
control for seasonality.

Table D.1 presents the outcomes of regression (38). The data from this table indicate that a
rise in the marginal cost of coal reduces the convex curvature. While this outcome may initially
appear counter-intuitive, it signals a substitution effect between gas and coal as energy sources.
As the marginal cost of coal escalates, producers shift from coal to gas. This transition could
rearrange their positions on the merit order curve, decreasing its convexity.

Furthermore, given that oil is the most expensive and least used electricity source, any
increase in its marginal cost directly increases the convex curvature. Lastly, an increase in
residual demand decreases the convexity. This implies that a rise in residual demand prompts
a short-term expansion in the production capacity of conventional producers, thereby reducing
convexity.

Table D.1 also shows the results for regression (39). Only the marginal cost of gas is relevant
in determining the v parameter, indicating that there are factors other than marginal costs

and residual load that producers consider when deciding their bidding strategy in this area.
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Table D.1: Cost Parameters regression on SRMCs

Table reports coefficients (z-statistics) from regressions of cost parameters on SRMC. Control variables include

kokk Kok

, and * denote significance levels of 1%, 5%, and 10%,

seasons. t-stats are reported in parenthesis. R
respectively.
Right Parameters Left Parameters
AR R AL ok
Coal Marginal Cost -8.648*** 0.214*** -4.346 11.08***
(-4.68) (10.25) (-0.47) (2.73)
Gas Marginal Cost -2.061 0.00913 21.81** 1.453
(-1.20) (0.47) (2.56) (0.38)
Oil Marginal Cost 2.907***  -0.0270"**  -4.594 -2.579
(4.11) (-3.39) (-1.31) (-1.65)
Residual Load in GWh ~ -9.085** 0.107*** 3.501 18.13**
(-2.65) (2.77) (0.21) (2.41)
Constant 1,321*** 5564  -1,346" -1,282**"
(8.48) (-3.17) (-1.74) (-3.74)
Observations 66 66 66 66
R-squared 0.773 0.802 0.267 0.248
Seasonal FE Yes Yes Yes Yes
D.3 Electricity mix and the variance-covariances of intermittent power gen-

eration

Figure D.3: Time series of the moments of intermittent power generation

Figure D.3 plots time series of the standard deviation of the intermittent renewable energy generation (o7) in
panel (a) (resp. the correlation between intermittent power generation and demand (rp,7) in panel (b)) over
the period 2013-2018. Each dot represents the monthly standard deviation (resp. correlation with load demand)
computed from hourly power generation data. We split months of observation by season. Blue (resp. green,
yellow, orange) dots show the standard deviation (resp. correlation) for the months in Winter (resp. Spring,
Summer, Fall) season.
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(b) Monthly Corr(Qp,Qr)
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Table D.2: Regression of intermittent power distribution’s characteristics and the
share of intermittent power

Table D.2 reports the estimates from the following OLS regression: Y = ag —H%% +e. In Column (1), coefficients

are estimated over the sample period. In Columns (2) and (3), we focus on one source of intermittent power
generation: solar or wind in Summer and Winter.

In panel (a), the dependent variable is the volatility of intermittent power generation, o;. The dependent variable
in panel (b) is the correlation between intermittent power generation and load demand, rp ;. t-stats are reported

in parenthesis. ***, ** and * denote significance levels of 1%, 5%, and 0%, respectively.

All Summer Winter

(1) (2) (3)

(a) Dependent variable: o

or or or
Renewables share (%) 0.2198***
(13.94)
Wind share (%) 0.186™*  0.200***

(6.68) (4.06)

Solar share (%) 0.376™*  -0.0784
(4.21) (-0.26)

Cons 3.248**  2.425*  4.167*
(8.87) (16.33)  (2.87)

(b) Dependent variable: rp

TD,I TD,I TD,I
Renewables share (%)  0.00132
(0.28)
Wind share (%) -0.00692  0.000279
(-1.90) (0.05)
Solar share (%) 0.0255 * 0.0616
(2.18) (1.89)
Cons 0.314** 0.361** -0.0879
(2.86) (3.24)  (-0.57)
N 66 18 15
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