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1. Introduction
Renewable energy technologies have become in-
creasingly central to global energy strategies.
Driven by environmental and climate commit-
ments, falling costs, and favorable policy and
regulatory support, their relevance has grown
significantly. In this context, companies are pro-
gressively shifting towards renewable electric-
ity procurement, with the Power Purchase
Agreement (PPA) emerging as the primary
contractual vehicle for such exchanges.
A PPA is a long-term contract between two par-
ties: a seller (typically a renewable energy pro-
ducer) and a buyer (often a corporation or util-
ity), in which the buyer agrees to purchase elec-
tricity at pre-agreed terms. In its simplest form,
the buyer commits to buying either a fixed quan-
tity of electricity or a share of the seller’s pro-
duction at a fixed price.
While PPAs offer stability, they also introduce
new risks. Price risk is common to most financial
contracts, whereas volumetric risk, which is
uncertainty around the actual energy produced,
is specific to renewable PPAs. Since output de-
pends on environmental conditions, if generation
falls short of expectations, sellers or buyers may
need to cover the gap by purchasing electricity
on the market.

This uncertainty is amplified by the cannibal-
ization effect. As renewable generation in-
creases, it erodes its own market value by driv-
ing down the prices it can earn, which means
that covering low production will be more ex-
pensive than selling surpluses. These dynam-
ics increase the severity of tail events, making
risk management and accurate pricing essential
in PPA structuring.

2. Brief discussion of this work
This study builds on Prol et al. (2020), who
quantify the ex-post impact of wind and solar
penetration on each other’s revenues using his-
torical data, focusing on individual technologies
rather than aggregate Variable Renewable En-
ergies (VRE) penetration. Our analysis aims to
better capture the real market implications for
wind-based PPA valuations.
We replicate and extend the framework of Tran-
berg et al. (2020), applying it to updated DK1
(Western Denmark) data and to the Spanish
market. We implement a joint modeling ap-
proach using Generalized Autoregressive Score
models, ARMA-GARCH processes, and a time-
varying GAS copula to capture the dynamic de-
pendence between prices and wind generation.
This allows us to assess volumetric risk un-
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der different market structures and generation
mixes.
While prior studies use daily data, we highlight
the relevance of hourly settlements Dominy and
Zubair (2021). Even for wind generation, which
is less temporally concentrated than solar, in-
corporating hourly granularity improves the es-
timation of risk and contract valuation.

3. Cannibalization effect
3.1. Methodologies of the cannibal-

ization effect analysis
The starting dataset comprises of hourly day-
ahead electricity prices, as well as hourly solar
and wind generation data. From these raw quan-
tities, we derive the daily key metrics of our anal-
ysis, as defined in Equation 1: penetration (shjt ),
units of revenue (URj

t ), and value factors (V F j
t )

for each technology j.

shjt =

∑24
h=1 q

j
h,t

consumptiont

%

URj
t =

∑24
h=1 ph,t · q

j
h,t∑24

h=1 q
j
h,t
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V F j
t =

URj
t

1
24

∑24
h=1 ph,t

%

(1)

In the above, qjh,t denotes the generation from
technology j, and ph,t is the electricity price
at hour h on day t. Penetration measures the
share of daily electricity consumption met by
technology j. The units of revenue represent
the generation-weighted average price received
by the technology over the day. URt is used to
capture the absolute cannibalization effect:
the decline in revenue per MWh as a technol-
ogy’s market share increases. Finally, the value
factor expresses the relative value of the tech-
nology’s output compared to the average daily
electricity price. It is used to assess the relative
cannibalization effect, which reflects how the
technology’s value evolves relative to the average
market price as its share grows.
For each country under consideration, we esti-
mate a linear regression model via OLS (Ordi-
nary Least Squares) for both the unit of rev-
enue and the value factor, separately for solar-
and wind-generated electricity. The covariates
included in the model are the penetration levels

of the most relevant energy sources in the region
(including solar and wind), the daily electricity
consumption, and natural gas prices. To adjust
for seasonality and structural calendar effects,
we include dummy variables encoded in the ma-
trix Dt, which contains indicators for the day
of the week, month of the year, and year. The
linear model is expressed in Equation 2.

yt = c+ β1solar_sht + β2wind_sht + ...

+ β5const + β6gas_pricet + γDt + ϵt
(2)

where yt denotes either the unit of revenue or
the value factor for solar or wind on day t, and
ϵt is an error term assumed to follow a zero-mean
i.i.d. normal distribution. By analyzing the esti-
mated coefficients associated with the solar and
wind penetration variables, we can assess both
the magnitude and the sign of the relationship.

3.2. Analysis of the Spanish and Dan-
ish market

This section presents the results of our analysis
of the Spanish market from January 2015 to De-
cember 2025. Considering the Spanish case, the
regression model includes additional penetration
variables from hydro and nuclear sources. In Ta-
ble 1, we report the estimated coefficients of the
linear model for solar and wind penetration, us-
ing URt and V Ft as target variables.

yt solar_sht wind_sht

URs
t −1.930 −0.883

URw
t −0.871 −0.880

V F s
t −1.506 −0.287

V Fw
t 0.291 −0.020

Table 1: Estimated coefficients for solar and
wind penetration in the linear regression model
in Spain.

We report that all p-values related to the co-
efficients are approximately zero, highlighting
their significance (except for wind penetration
on wind value factors coefficient, whose p-value
is around 0.08), and all models explain at least
80% of the variance in the target variable.
For solar, a one-percentage-point increase in its
market share results in a statistically significant
decrease of −0.83 EUR/MWh in its unit rev-
enue. We note that for both units of revenue,
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an increase in penetration leads to a decrease in
the technology value.
When considering value factors, most renewable
energy penetrations have a negative impact, ex-
cept for solar energy, which has a positive im-
pact on wind value factors. The positive associ-
ation arises from the complementary generation
profiles of the two technologies: wind genera-
tion often occurs during hours when solar out-
put is low, coinciding with higher prices. This
explains the growth of the wind value factor over
the specified period.
Moreover, we partition the dataset based on dif-
ferent levels of consumption and solar penetra-
tion. We then refit the linear model for value
factors on each subset to capture potential varia-
tions in the magnitude of the effects. The results
provide evidence that the cannibalization phe-
nomenon becomes more pronounced during pe-
riods of lower consumption or higher solar pen-
etration. These findings are consistent with un-
derlying supply and demand dynamics.
We report the results for the Danish market over
the same period, in the DK1 zone (Western Den-
mark). Unfortunately, the regressions on solar
and wind value factors yield low R2 values, mak-
ing it difficult to draw meaningful conclusions
about the coefficients. In Table 2, we report the
coefficients for the estimation of the units of rev-
enue regressions.

yt solar_sht wind_sht

URs
t −1.134 −0.219

URw
t −0.002 −0.176

Table 2: Estimated coefficients for solar and
wind penetration in the linear regression model
in DK1.

We show strong evidence of cannibalization for
solar, with statistically significant negative co-
efficients for both solar and wind penetration.
A 1.0% increase in solar (wind) penetration
reduces solar unit revenues by approximately
−1.13 (−0.219) EUR/MWh. For wind, can-
nibalization appears weaker: a 1.0% increase
in wind penetration corresponds to a -0.18
EUR/MWh drop in wind revenues, and the co-
efficient for solar penetration is not statistically
significant. It is essential to note that wind pen-
etration is, on average, significantly higher in

Denmark than in Spain, indicating that even
if the coefficients are lower in the Danish case,
their overall effect is greater.

4. Volumetric risk in PPA con-
tracts

4.1. Methodologies
In this section of the analysis, we present the
GAS framework, as introduced by Tranberg
et al. (2020). We consider daily average prices
and wind load factors, which are defined as the
ratio of generation to total installed capacity.
Load factors are transformed using a logit trans-
formation. Then, both variables are demeaned
and deseasonalized using daily and monthly
dummy variables. The time series obtained
are modeled using a two-component General-
ized Autoregressive Score (GAS) model, with a
Student’s t-distribution as the conditional dis-
tribution, and an ARMA-GARCH model with
a skew-normal conditional distribution, respec-
tively. A Gaussian GAS copula model is used
to model the correlation between the two quan-
tities. The reason we use score-driven models,
particularly the multiple-component variants, is
that they can handle both long-memory dynam-
ics and frequent extreme events more effectively
(Harvey and Sucarrat, 2014).

4.1.1 GAS framework for modelling
prices

The general modelling framework is given by:

yt = µt + σtz

z ∼ t(ν),

(3)

where µt is the location parameter, σt the
scale parameter, and t denotes the Student’s t-
distribution. The dynamics of µt, σt, and νt are
governed by a multi-dimensional latent process
ft through the link function Λ(), defined as:

Λ(ft) =

{
µt = ft,1

σ2
t = eft,2

(4)

Considering the one-component model ft is up-
dated as follows:

ft+1 = κ+Ast +Bft

=

[
κ1
κ2

]
+

[
a1 0
0 a2

]
st +

[
b1 0
0 b2

]
ft

(5)
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where A and B are diagonal matrices with
proper dimensions and st (score) is defined as
in Equation 6.

st =
∂ log p(yt; ft)

∂ft
(6)

As reported in the work of Ardia et al. (2019), st
is a martingale difference with respect to the dis-
tribution of yt given y1:t−1. Therefore, the pro-
cess ft in Equation 5, is mean–reverting around
its long–term mean value (I − B)−1κ when the
spectral radius of B is less than 1.Vector κ and
matrix B control the process’s level and persis-
tence.
The matrix A controls the influence of the scaled
score st on the parameter update from ft to ft+1.
Since st represents the direction of steepest as-
cent for improving the model’s fit, A acts as a
step size. Therefore, A should be chosen to pre-
serve the informational content of st without dis-
torting it, meaning ai > 0.
Under the two-component variant, the process
ft is modeled using two auxiliary processes f̃1

t+1

and f̃2
t+1, which model, respectively, long-term

behaviours and short-term variations.

ft+1 = κ+ f̃1
t+1 + f̃2

t+1

f̃1
t+1 = A1st +B1f̃

1
t

f̃2
t+1 = A2st +B2f̃

2
t .

(7)

To distinguish between long–term and short–
term dynamics in ft, we impose a2,i > a1,i to
make the short–term component more respon-
sive to recent changes, and b2,i < b1,i to ensure
faster decay of its past shocks. These constraints
enforce a clear distinction between the two com-
ponents.

4.1.2 GAS framework for the Gaussian
copula

The time–varying correlation of the Gaussian
copula is governed by the process f c

t . The trans-
formation from f c

t to the correlation coefficient
ρt is specified in Equation 8, while the GAS up-
date mechanism for f c

t is detailed in Equation
9.

ρt =
1− exp(−f c

t )

1 + exp(−f c
t )

f c
t+1 = κc + acf

c
t + bcst

(8)

(9)

Here, st denotes the scaled score of the copula
log–likelihood with respect to f c

t , computed us-
ing the Gaussian copula density c(u1, u2; ρt), cal-
culated in Equation 10.

st = I
− 1

2
t

∂

∂ρ
log c((u1,t, u2,t), ρt)

It = Et−1

[(
∂

∂ρ
log c((u1,t, u2,t), ρt)

)2
] (10)

Where uit = P (Y i
t < yit|yij=1:t−1), whose condi-

tional laws are described by the marginal mod-
els. The score is scaled by the inverse of the
square root of its covariance matrix or the Fisher
information. To ensure stationarity and mean–
reversion of the correlation dynamics, we impose
|bc| < 1, preventing explosive behavior in f c

t .
Additionally, ac > 0 ensures that the score up-
date maintains the correct direction without dis-
torting the signal.

4.1.3 PPA contract

In this study, we consider monthly PPA con-
tracts with daily delivery, in which the buyer
pays a fixed price R (PPA price) for each MWh
of wind power exchanged during the contract pe-
riod. The daily power exchange Qt is given by
the load factor Lt multiplied by the contract’s
capacity set to 500 MW. The price R is calcu-
lated by imposing the average payoff to zero and
solving for R, calculated under the risk-neutral
measure Q:

0 = EQ
t0

[
t2∑

t=t1

Qt(St −R)

]

R =
EQ

t0

[∑t2
t=t1

QtSt

]
EQ

t0

[∑t2
t=t1

Qt

] (11)

We let F denote the forward price of the con-
tract, as defined in Equation 12. This is the fair
price of the contract, assuming that daily pro-
duction and spot prices are independent.

F = EQ
t0

[
1

t2 − t1 + 1

t2∑
t=t1

St

]
(12)

We define the correlation price as the devia-
tion between the contract price R and the for-
ward price F . Let this adjustment be denoted
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by c, by substituting in Equation 11 and solving
for c we obtain the following equation:

c = F −R

= F −
EQ

t0

[∑t2
t=t1

QtSt

]
EQ

t0

[∑t2
t=t1

Qt

] (13)

Given the negative correlation between daily
wind generation and electricity prices, we expect
the forward price F to exceed the contract price
R. We interpret c as a premium (or discount)
applied to the forward price to compensate for
volumetric risk.

4.2. PPA contract evaluations
After training our model on Spanish data from
January 2015 to December 2017, we proceed to
price the contract and quantify the value of the
correlation price c. To this end, we simulate
10′000 joint paths of electricity prices and load
factors. Starting from January 2018, we price a
contract for each month, beginning on the first
day of the month. We summarize the results of
the OOS analysis for the Spanish market in the
following Table 3, where we report the average
values of R, F , and c along with their corre-
sponding standard deviations.

GAS copula Constant copula
Avg. Std Dev Avg. Std Dev

R 46.140 6.663 46.388 6.645
c 1.165 0.147 0.929 0.115
F 47.300 6.716 47.318 6.695

Table 3: Summary of PPA characteristics over
24 OOS months under different model specifica-
tions for Spain analysis.

On average, the correlation price under the GAS
copula model is 1.17 EUR/MWh, corresponding
to a 2.5% discount relative to the forward price
of approximately 47.3 EUR/MWh. This high-
lights the relevance of volumetric risk in Spanish
PPA valuation. The constant and time-varying
copula models yield similar value and risk met-
rics, with the time-varying model slightly out-
performing in goodness-of-fit tests, hence its use.
On average, over the out-of-sample (OOS) pe-
riod in Spain, the VaR at the 95% confidence
level, measured using the GAS copula, is 12.9%
higher in absolute value compared to the case

where volumetric risk is not considered, with the
difference peaking at 20%. Ignoring volumetric
risk would therefore lead to a significant under-
estimation of the overall risk.
Next, we report the results of the same analy-
sis for the DK1 zone (Table 4). We observe a
higher correlation price, attributable to the sig-
nificantly greater renewable penetration in the
generation mix.

GAS copula Constant copula
Avg. Std Dev Avg. Std Dev

R 26.500 2.133 26.794 2.087
c 2.236 0.157 1.968 0.150
F 28.736 2.085 28.76 2.097

Table 4: Summary of PPA characteristics over
24 out-of-sample months under different model
specifications (2018-2019) in DK1.

Neglecting the correlation structure between re-
newable generation and power prices would lead
to an overestimation of the PPA value by ap-
proximately 7.8%, along with an underestima-
tion of the risk profile (in terms of VaR).
On average, over the OOS period in DK1, VaR
at 95% confidence level, computed using the
GAS copula, is 15.7% higher in absolute terms
than the independent. The difference peaks at
30%. This highlights that neglecting volumetric
risk can lead to a substantial underestimation of
the actual risk exposure.

5. Accounting for hourly pat-
terns in PPA pricing

In an hourly exchange, a share of the generated
electricity at hour h is exchanged at a fixed price.
The contract’s cash flow π can be rewritten as
follows:

π =

t2∑
t=t1

24∑
h=1

q̃h,t(ph,t −R), (14)

where q̃h,t is the share of the contract capacity
produced in hour h on day t, and ph,t is the
electricity price at hour h on day t. We note that
the sum of these shares is precisely the quantity
Qt.Using the definition of the unit of revenues
and value factors expressed in Equation 1, we
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can rewrite the payoff π as follows:

π =

t2∑
t=t1

24∑
h=1

q̃h,t ph,t −QtR

=

t2∑
t=t1

Qt (URt −R)

(15)

Using hourly values, we demonstrate a pay-
off equivalence that depends solely on daily
quantities. Since URt represents a generation-
weighted daily average price, we fit our previ-
ous model directly on these daily quantities to
capture the underlying hourly patterns, without
requiring any specific adjustment.
Proceeding as described in Subsection 4.1, we
train our model on Spanish URw

t data from
January 2015 to December 2017. We simulate
10′000 joint paths of units of revenue and wind
load factors. Using this modified framework, we
evaluate the same contracts as in Section 4.2,
and summarize the results in Table 5.

Avg price model UR model
Avg. Std Dev Avg. Std Dev

R 46.140 6.663 45.704 6.601
c 1.165 0.110 1.095 0.129
F 47.300 6.716 46.799 6.642

Table 5: Summary of PPA characteristics over
24 OOS months under different model specifica-
tions for Spain analysis.

We find that the correlation risk estimated using
the UR model is, on average, 6.0% lower than
that implied by the daily average price model.
This reflects the fact that URw

t contracts cap-
ture higher value than daily average prices, as
evidenced by the increasing wind value factor
over the period. As shown in Table 1, this trend
coincides with rising solar penetration, which en-
hances the relative value of wind production and
contributes to the observed reduction in the cor-
relation price. Moreover, we observe that the
estimated correlation price obtained via the UR
model is lower in every contract evaluated.
Regarding the VaR evaluation, the UR model
yields a 2.6% lower absolute VaR, on average,
compared to the prices model. This reduction
is driven by the use of hourly wind generation,
which mitigates the impact of cannibalization
and thereby reduces volumetric risk.

6. Conclusions
We examine the interaction between renewable
penetration, the cannibalization effect, and vol-
umetric risk in the context of wind-based PPAs.
We can summarize our conclusions in the follow-
ing points.
• First, we assess the cannibalization effect

in the Danish and Spanish electricity mar-
kets. We find evidence of absolute can-
nibalization in Denmark, while both abso-
lute and relative cannibalization are present
in Spain. Notably, the increasing solar
penetration in Spain positively influences
wind value factors due to the complemen-
tary generation patterns between the two
technologies.

• Second, we apply the framework of Tran-
berg et al. (2020) to price wind-based PPAs
under volumetric risk by explicitly mod-
eling the dependence between electricity
prices and wind generation. Neglecting this
correlation leads to a significant underesti-
mation of the PPA’s risk profile. We find
that accounting for volumetric risk results
in a discounted PPA price by 7.8% in Den-
mark and 2.5% in Spain, relative to the av-
erage forward price. VaR estimates also in-
crease in absolute value, confirming the rel-
evance of the risk premium.

• Lastly, we extend the pricing framework to
contracts with hourly settlement. We show
that these contracts benefit from the mit-
igating effect of solar penetration on wind
volatility. The correlation price is, on av-
erage, 6% lower compared to daily-settled
contracts, and the absolute VaR decreases
by 2.6% in absolute value, indicating re-
duced volumetric risk. These results un-
derscore the importance of hourly modeling
and support the design of hedging strate-
gies that exploit the temporal complemen-
tarities between wind and solar resources.
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