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Abstract. Electricity markets in Europe have undergone significant transformation due to the rapid
integration of renewable energy sources, particularly wind and solar. While previous research has
extensively analys sed photovoltaic capture rates, less attention has been paid to the economic performance
of wind generation under volatile market conditions. This study investigates the capture price (CP) and
capture rate (CR) for wind power in selected European countries over the period 2015-2025. Using hourly
day-ahead electricity prices and generation data from energy-charts.info, the analysis evaluates the
relationship between market dynamics and the profitability of wind power plants. These findings highlight
the need for improved market design mechanisms and flexible technologies such as energy storage and
cross-border balancing—to sustain wind energy profitability. The research outcomes provide valuable
insights for policymakers and investors into the evolving competitiveness of wind power across European
markets and its implications for achieving long-term decarbonisation goals.

1 Introduction

European electricity markets have undergone a
fundamental transformation over the last decade, which
is directly linked to the rapid integration of renewable
energy sources (RES), particularly wind and
photovoltaics. This trend is supported by the EU's
climate and energy policy (European Green Deal, Fit for
55, updates to the RES Directive), which increases the
pressure for decarbonisation while accelerating the
construction of variable sources [1].

From a market mechanism perspective, the growth
in the share of RES is reflected in a change in pricing
through the so-called merit-order effect: sources with
low marginal costs (wind, sun) are displacing more
expensive conventional sources and reducing the
average price during hours of high RES production. At
the same time, however, prices are becoming more
sensitive to short-term fluctuations in production and
demand, as electricity is a commodity with limited
storage capacity and the balance of the system must be
ensured in real time. This results in more pronounced
price fluctuations, extremes and an increase in negative
prices, especially after 2021 in the context of the energy
crisis and increased instability of fundamentals [1-5].

While the literature contains important studies on the
market value of wind energy, comparative analyses
covering long time horizons and changing market
regimes remain less common, especially in the context
of monthly cross-country comparisons. This gap is also
important because wind energy accounts for the
dominant increase in RES capacity in many countries
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and its market value is directly reflected in investment
signals and the need for complementary flexible
technologies.

The aim of this article is therefore to analyse the
capture price (CP) and capture rate (CR) of wind power
plants in selected European countries in the period
2015-2025 based on hourly day-ahead prices and
production data. The focus is on the relationship
between market dynamics (volatility, extremes,
negative prices) and the "market realisation" of wind
production, i.e. what average price wind farms actually
"capture" in the hours when they produce, and how this
price differs from the average market price. The metrics
formulated in this way provide a directly interpretable
picture of the economic competitiveness of wind energy
in different market conditions and, at the same time,
create a basis for discussion about the shape of the
market and the need for flexibility (accumulation,
demand management, cross-border integration,
balancing) [3], [6-9].

2 Theoretical framework and state of
knowledge

Compared to conventional commodities, electricity
pricing is specific in that electricity cannot be stored
economically on a large scale and the system requires a
continuous  balance  between production and
consumption. This leads to high price sensitivity to
short-term changes in demand, resource availability,
production constraints and transmission capacities. In
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the European context, trading on the day-ahead market
(DAM) and intraday market (IDM) dominates, where
the price is influenced by production and consumption
forecasts, supply strategies and network constraints. The
key concept is the merit-order effect, according to which
resources are ranked in the supply according to marginal
costs. Wind and solar have direct marginal costs close to
zero, so when their production is high, they shift the
supply curve and reduce the price. However, this
'average' effect can be offset by increasing volatility and
price extremes in situations of low RES production, high
demand or limited grid flexibility. Empirical evidence
from European day-ahead electricity markets indicates
that price volatility increased markedly after 2021, with
extreme price spikes during the 2022 energy crisis. In
this study, this broader European context is examined
specifically through the cases of Germany and Poland,
which represent two markets with different levels of
wind penetration, flexibility, and exposure to price
extremes. Negative prices are a specific manifestation of
imbalance: they typically occur when demand is low
(weekends, holidays) and RES production is high, when
there are limited possibilities for export, accumulation
or demand regulation. Negative prices are important for
the market as an indicator that there are periods of
'surplus' with insufficient flexibility. Analyses show that
the probability of negative prices increases non-linearly
after certain thresholds of aggregate RES production are
exceeded, and the thresholds vary by country (they are
determined by the mix of production sources, the grid,
interconnections and flexibility) [10-12].

From the perspective of RES producers, extremes
(especially negative prices) have a direct impact on
revenues, risk and returns. From the perspective of the
system, they signal the need to develop flexibility:
accumulation (e.g. in batteries), demand management,
strengthening of networks and cross-border capacities,
and more effective balancing mechanisms. For the
economic evaluation of RES, it is not enough to monitor
only the average market price of electricity. The decisive
factor is the price at the time when the source is actually
producing. The basic concept of the "market value" of
variable renewable sources is linked in the literature to
the fact that the value of production depends on the
timing of production in relation to demand and price,
whereby an increase in the share of RES may lead to a
decline in relative value (known as value decline). This
framework is typically discussed in the context of wind
and wind power and forms the theoretical basis for
CP/CR metrics [3].

In the context of the transition to renewable energy
sources, understanding the economic factors that
influence electricity prices is crucial. One important
concept is CPW, which measures the rate at which wind
power plants can sell their produced electricity on the
market. The economic efficiency of PV power plants is
often evaluated through the parameters CPW and CRW.

Zhang et al. (2023) state that these parameters are
crucial for assessing the profitability of wind projects.
CPS is the average price at which wind power plants sell
their products, while CRS determines how much of the

market a wind power plant can "capture" compared to
the average market price of electricity [10], [13-14].

CPW is the average price at which wind power
plants sell electricity on the market. CPW values can be
calculated as follows: [3], [10-13]

Capture Price for Wind (CPW)

Total Revenue from Wind Electricity

(M

" Total Amount of Wind Electricity Produced

where Total Revenue from Wind Electricity is the
income ecarned from selling electricity generated by
wind power plants and Total Amount of Wind
Electricity Produced is the quantity of electricity
generated by wind power plants that is sold on the
market [15-16].

A high capture price indicates that wind generation
is concentrated in hours with relatively favourable
market prices, which improves the short-term market
value of wind electricity. Conversely, a low capture
price indicates that wind generation is concentrated in
hours with lower market prices, reducing realised
revenues compared to the market average. For this
reason, capture price is a useful indicator of the
economic exposure of wind power plants to market
timing effects.

Capture rate (CR) expresses the relative ratio of
capture price to average market price according to: [4]

CR = CPW )

- Average Market Price of Electricity

3 Factors influencing CP/CR for wind in
European markets

Wind power generation has a different variability
structure than photovoltaics: it is not tied to the daily
cycle, but is strongly dependent on meteorological
conditions and seasonality. In countries with a high
share of wind power, synoptic wind conditions can lead
to simultaneous high production in large regions, which
pushes prices down and reduces CP/CR.

The availability of storage, demand flexibility,
controllable sources and cross-border interconnections
influences the extent to which the market 'absorbs'
excess production without prices falling into negative
territory. Empirical comparisons show that differences
between countries can be significant precisely because
of differences in market flexibility and interconnection.

The period 2015-2019 can be interpreted as a
relatively more stable regime, while 2020-2023 is
characterised by increasing volatility and more frequent
outliers; 2024-2025 may represent a phase of partial
stabilisation. This breakdown is important because
CP/CR are not stable parameters — they change with the
market regime and the level of RES penetration.

A decline in the capture rate below 1 (or a long-term
decline in CP) is a signal that the market systematically
values electricity lower during hours of RES production,
which increases the dependence of projects on support
schemes, hedging and portfolio flexibility. From a
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regulatory perspective, this strengthens the argument
for:

- the development of storage and demand
flexibility,

- strengthening transmission and cross-border
capacities,

- mechanisms that reduce the risk of extremes and
improve investment signals (e.g. appropriately
set long-term contracts, CfDs, etc.),

- more effective balancing and integration of
short-term markets.

Such recommendations also appear in documents
focusing on volatility and the transmission of shocks
between countries , which emphasise the growing
interconnectedness of volatility and the need for
coordinated flexibility measures.

Overall, capture price and capture rate provide a
suitable analytical framework for assessing the short-
term market value of wind generation under changing
market conditions. Their development reflects not only
the penetration of wind power itself, but also the level
of system flexibility, the occurrence of price extremes,
and the ability of the market to absorb simultaneous
renewable generation. These aspects form the basis for
the comparative analysis of Germany and Poland
presented in the following section.

4 Research methodology and
description of the analysed approach

The aim of the research is to quantify and compare the
market value of wind energy (onshore) in selected
European electricity markets using the capture price
(CP) and capture rate (CR) metrics. The research
focuses on the long-term time horizon of 2015-2025,
which includes several different market regimes — from
the relatively stable pre-crisis period, through the energy
crisis of 2021-2022, to the subsequent phase of partial
price normalisation.

The research focuses on monthly characteristics that
capture the seasonality of wind generation, demand and
prices, while providing sufficient granularity to identify
changes in market behaviour over time.

Hourly time series were used for the analysis:

- electricity prices on the day-ahead market

(DAM), expressed in EUR/MWh,

- electricity production from onshore wind farms,

which were obtained from the publicly available
platform energy-charts.info. This source aggregates data
from national transmission system operators and market
institutions and is widely used in academic research
focused on the analysis of electricity systems and
electricity markets.

The use of hourly data is necessary because the CP
and CR metrics are based on the temporal alignment of
generation and price. Aggregated (daily or monthly)
data would suppress this link and lead to a distortion of
the market value of RES. The original hourly data were
processed using the following procedure:

1. Alignment of price and production time series

into a uniform hourly structure for each country.

2. Checking the completeness of the data and
removing any missing or inconsistent values.

3. Calculation of monthly average electricity
prices as a simple arithmetic average of all
hourly prices in a given month.

4. Calculation of the monthly capture price as the
production-weighted average of day-ahead
electricity prices in the hours when onshore
wind generation occurred.

In practical terms, total wind revenue in a given
month was calculated as the sum of the products of
hourly day-ahead prices and hourly wind generation
values. The capture price therefore represents the
realised average price of wind generation, weighted by
actual hourly output.

The analytical framework of the research focuses on
identifying the relationship between the hourly time
profile of onshore wind generation and the dynamics of
day-ahead electricity prices. The analysis focuses on
monitoring the extent to which wind power generation
coincides with periods of higher or lower market prices,
which is quantified using the capture price and capture
rate metrics. These indicators make it possible to capture
not only the absolute level of the realised production
price, but also its relative market value compared to the
average price of electricity.

The research is designed to reveal several key
patterns of market behaviour. First, it tracks the long-
term development of the capture rate over time and its
possible trend, which may indicate a gradual change in
the market value of wind energy as a result of the
growing penetration of renewable sources. At the same
time, attention is paid to seasonal differences, as wind
production, electricity demand and pricing show
significant seasonality. Monthly differentiation allows
us to capture the differences between winter and
summer periods, as well as transitional phases during
the year.

A special aspect of the analysis is the distinction
between different market regimes in the period 2015-
2025. This period includes the relatively stable pre-crisis
years, a transitional period characterised by growing
uncertainty, and finally a phase of energy crisis with
extreme price volatility, as well as a subsequent period
of partial stabilisation. The aim is not only to compare
price levels between individual years, but above all to
examine whether and how the relationship between
wind production and price changes under different
market conditions. Particular emphasis is placed on
identifying periods in which there is a significant
difference between the average market price and the
capture price, as these situations may signal limitations
in the flexibility of the electricity system or increased
simultaneity of production from renewable sources.

The analysis is carried out as a comparative study of
two countries — Germany and Poland — which represent
different stages of energy transformation and different
structural characteristics of the electricity market.
Germany is an example of a market with a high share of
wind energy, developed integration into the regional
market and frequent price extremes. Poland, on the other
hand, represents a market with lower wind penetration
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and a different structure of production sources, where
pricing has historically been based on different margins.
This contrast allows us to assess the extent to which the
behaviour of the capture price and capture rate metrics
is determined by the wind technology itself and the
extent to which it is influenced by the market context in
which production takes place.

The results are presented on a monthly basis for the
entire period analysed, which allows for direct cross-
country comparability while preserving information on
seasonality. The analysis examines whether similar
patterns of capture rate behaviour occur in both
countries during the same periods, or whether the
differences between them are systematic and persistent.
This approach provides a basis for identifying structural
differences between markets and for discussing the
impact of renewable energy penetration on their market
value.

5 Research results

It should be emphasised that the methodological
framework of the study is deliberately focused on the
short-term electricity market and is based exclusively on
day-ahead market prices. The analysis does not
explicitly take into account intraday trading, balancing
markets or the existence of support mechanisms such as
guaranteed feed-in tariffs, CfD contracts or long-term
bilateral contracts. The aim is not to assess the overall
profitability of wind energy projects, but to isolate the
short-term market signal provided by day-ahead prices
in individual time periods.

Table 1 presents the monthly development of
average day-ahead electricity prices, capture price, and
capture rate for onshore wind generation in Germany
over the period 2015-2025. Average electricity prices in
2015-2020 show a relatively stable development with
slight seasonal fluctuations, with a more significant
increase in prices occurring from 2021 and peaking in
2022 during the energy crisis. The capture price in
Germany generally follows the long-term trend of
average price growth, but in most months it is lower than
the average market price. This difference was already
observable in the pre-crisis period and is becoming
significantly more pronounced in years with higher
price volatility. The most significant discrepancy
between the average price and the capture price is
identified in the winter months, especially in 2021-2023,
which indicates a systematic penalty for wind power
generation in periods when prices reach high levels due
to factors other than wind availability.

In terms of absolute capture price values, it can be
observed that the extremely high market prices in 2022
are only partially reflected in the realised price of wind
power generation. While in the summer months of 2022
the capture price reaches values close to the average
market price, in the winter months the difference is
significant, indicating a change in the temporal
correlation between wind production and price
formation in the system.

The development of the capture rate in Germany
(Table 1, lower part) points to a long-term trend of
values below 100%, which means that wind farms
mainly produce during hours with a lower than average
market price. In 20152019, the capture rate fluctuated
mainly between approximately 80% and 95%, with the
seasonal minimum typically occurring in the winter
months.

Since 2021, there has been a significant increase in
the variability of the capture rate. In 2022, significant
differences between individual months can be
identified: while the capture rate reaches values close to
100% in the summer months, it drops sharply in the
winter months, reaching its lowest value in the entire
analysed period in December 2022. This phenomenon
indicates that during the energy crisis, high price peaks
occurred mainly during hours of low wind production,
while during hours of high production, there was
downward pressure on prices.

Although average prices decline in 2023-2025, the
capture rate remains low in many months, especially in
winter. This suggests that the discounting of the market
value of wind in Germany is not just a temporary
consequence of the crisis period, but also has a structural
character related to the high penetration of wind energy
and the limited flexibility of the system.

Table 1. Results for analysis of Germany.

Average Day-ahead Prices
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Jan 27 29 52 29 49 35 53 168 118 77 114
Feb 37 22 40 40 a3 2 49 129 128 61 129
March 31 24 32 37 31 2 47 | 252 103 65 95
Apr 30 24 29 32 37 17 54 166 101 62 78
May 25 23 30 k1 38 18 53 177 8 67 67
June 30 28 30 42 33 2 74 218 95 86 64
July 35 27 33 50 40 30 81 | 315 | 78 68 88
Aug 32 27 31 56 37 35 83 % 82 77
Sep 32 30 34 55 36 4a 128 [ 386 101 78 84
Oct 39 37 28 53 37 3 139 153 87 86 86
Nov 32 38 40 57 a 39 176 174 91 114 103
Dec 28 37 31 48 32 4 21 252 69 108 94
Capture Price
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Jan 20 24 41 22 39 31 7 132 9% 66 87
Feb 32 18 33 36 38 18 44 111 107 54 116
March 26 21 29 30 25 18 35 206 87 56 80
Apr 26 23 24 29 34 1 5 11 91 51 78
May 2 19 26 28 36 13 3 14 83 60 66
June 28 27 26 37 21 2 64 198 93 7n 57
July 29 24 29 47 37 2 70 284 62 54 83
Aug 30 25 27 52 31 30 7 69 67 71
Sep 28 28 28 48 31 38 118 | 289 88 65 66
Oct 36 34 20 44 32 30 112 129 70 70 60
Nov 27 33 31 52 37 2 1492 139 77 91 91
Dec 24 24 2 40 27 34 166 153 46 7 85
Capture Rate (%)
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Jan 75 84 79 76 79 89 88 79 76 86 76
Feb 87 84 83 89 % 20 % 86 8 88 %

March 81 87 91 81 81 82 74 82 85% 87 84
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Apr 87 96 84 91 92 66 84 79 91 81
May 91 83 87 84 95 75 81 79 l 90

June 93 96 85 88 75 85 86 91 82 89
July 84 88 89 95 92 72 86 90 80 80 95
Aug 94 94 88 93 83 86 89 74 82 92
Sep 88 90 81 88 87 87 92 83 88 83 79
Oct 93 92 7 82 87 88 80 84 81 81 70
Novy 83 86 71 92 90 83 81 80 85 80 89
Dec 86 65 72 83 83 78 75 61 68 68 90

Table 2 presents the corresponding results for
Poland. Average electricity prices show a similar trend
of growth and decline over time as in Germany, but with
slightly different electricity prices and seasonality. In
most months, the capture price in Poland is closer to the
average market price than in Germany, which indicates
a more favourable alignment of wind production with
electricity prices.

In the pre-crisis period 2015-2020, the capture price
is very close to the average price, with relatively small
differences between the two indicators. Even during the
energy crisis in 2022, high average prices are largely
reflected in the capture price, especially in the summer
months. Although there is an observable increase in the
difference between the average price and the capture
price in the winter period, this difference is less
pronounced than in Germany.

The capture rate in Poland (Table 2, lower part)
fluctuates between approximately 90% and 100%
during most of the analysed period, reaching values
above 100% in some months. This means that wind
power generation in Poland often takes place during
hours with above-average market prices, or is at least
time-neutral with respect to the market price profile.

Even in 2022, which is a period of extreme volatility,
the capture rate in Poland remains relatively stable and
significantly higher than in Germany. The decline in the
capture rate is most pronounced in the winter months,
but even in this period it does not reach such low values
as in Germany. In 2023-2025, the capture rate in Poland
will stabilise again at higher levels, with most months
showing values close to or exceeding 95%.

Table 2. Results for analysis of Poland.

Average Day-ahead Prices
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Jan 24 26 31 39 56 44 55 144 133 94 114
Feb 22 24 28 44 49 41 59 117 137 76 134
March 24 27 34 49 47 37 60 141 120 75 99
Apr 28 29 3B 43 53 33 59 124 122 81 86
May 28 28 35 51 5S] 39 66 140 106 86 94
June 29 35 36 53 58 48 76 185 118 105 81
July 30 25 36 53 56 49 82 220 116 109 102
Aug 33 25 38 59 62 52 82 107 100 90
Sep 19 29 40 63 56 54 102 176 110 95 108
Oct 29 31 40 59 53 52 103 134 95 103 106
Nov 25 19 40 59 50 54 118 171 98 121 124
Dec 25 27 35 53 45 57 179 174 80 109 116

Capture Price
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Jan 22 20 30 37 51 43 55 122 114 87 102
Feb 21 21 29 42 48 38 56 108 124 70 126
March 24 25 31 44 44 35 54 132 111 69 93
Apr 26 26 32 41 50 30 56 107 117 73 87
May 26 25 33 47 53 37 62 127 103 80 92
June 27 28 34 50 58] 47 69 173 109 94 76
July 29 24 34 51 53 48 79 189 104 95 97

Aug 26 23 3 55 6 51 81 - 89 92 87

Sep 21 25 37 58 53 52 98 157 107 88 102
Oct 28 30 35 54 50 50 94 124 77 91 95
Nov 23 21 35 53 49 50 103 153 87 96 120
Dec 24 24 33 49 43 52 147 143 60 83 108

Capture Rate (%)
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Jan [3) 78 97 95 90 97 100 8 8 93 90
Feb 93 8 100 9% 97 93 95 93 90 92 9

March 98 [3) 93 90 95 94 91 93 93 92 93
Apr 95 [3) 95 95 94 92 95 8 9 91 101
May 93 92 93 92 95 95 95 90 98 93 98
June () 80 94 95 94 97 91 93 92 8 93
July 94 98 94 9 94 98 9 8 8 8 95
Aug 79 90 92 93 97 97 98 98 8 92 97
Sep - 87 94 91 95 97 9 8 97 93 95
Oct %% 95% 88 92 95 95 91 92 81 8 90
Nov [3) 9 91 98 94 8 9 8 8 97
Dec 95 89 92 93 9 92 | 8 8 .75 176 | 93%

6 Discussion and conclusion

The results presented in the previous chapter confirm
that the market value of wind energy is not a constant
variable, but a dynamic indicator that changes
depending on the market structure, the time profile of
production and the current market regime. The long-
term lower capture rates in Germany compared to
Poland point to a more advanced stage of the so-called
value decline of wind energy, which is associated in the
literature with the growing penetration of variable
renewable sources.

The high share of wind in the German energy mix
means that during hours with strong wind production,
there is systematic downward pressure on market prices.
This effect is amplified by the simultaneous production
of wind in large geographical areas, which reduces the
possibilities for balancing through regional trade. The
result is a negative correlation between wind production
and electricity prices, which is directly reflected in
lower capture prices and capture rates.

In contrast, Poland is in an earlier stage of
transformation in the analysed period, where wind
penetration has not yet reached a level where systematic
cannibalisation of market value would occur. This is
reflected in more stable and higher capture rates, which
in several months approach or exceed 100%. The results
suggest that the decline in the market value of wind
power is strongly related to its relative share in the
energy mix and is not a uniform phenomenon across all
markets.

A particularly important finding is the change in
capture rate behaviour during the energy crisis in 2021—
2022. Although one might expect extremely high market
prices to lead to an increase in the realised price of wind
power production, the results show that this relationship
is not clear-cut. In some periods, particularly during the
summer months of 2022, high prices were also reflected
in high capture prices. In other periods, however,
particularly during the winter months, there was a
significant discount on the market value of wind,
especially in Germany.

This phenomenon suggests that price extremes
during the crisis were not evenly distributed over time,
but were concentrated in hours with low wind
availability, when the price was determined by
expensive marginal sources or supply constraints.



EPJ Web of Conferences 372, 05002 (2026)
APS 2026

https://doi.org/10.1051/epjconf/202637205002

Conversely, during hours with high wind production,
there was downward pressure on prices, leading to a
significant decline in the capture rate. The energy crisis
thus meant not only an increase in price levels, but also
a change in the time structure of prices, which had a
fundamental impact on the economic performance of
wind energy.

From an investor's perspective, a long-term decline
in the capture rate represents an increase in market risk
and uncertainty of revenues from wind production. The
results show that relying on average market prices can
lead to an overestimation of expected revenues,
especially in markets with high wind penetration.
Capture price and capture rate therefore appear to be
more appropriate indicators for assessing the economic
performance of projects in an environment of increasing
volatility. From a regulatory and market design
perspective, the results point to the need for mechanisms
that reduce the difference between the average market
price and the realised price of RES production. These
include, in particular, support for flexibility, effective
price signals in short-term markets and tools that enable
RES producers to better manage their market exposure.
Without such measures, further growth in the share of
wind power could lead to a deepening of value decline
and increasing dependence of projects on support
schemes.

Although the analysis provides a detailed view of the
development of the market value of wind energy over a
long-time horizon, its results must be viewed in the
context of methodological limitations. The study is
based exclusively on day-ahead market prices and does
not take into account intraday and balancing markets,
which in certain cases may partially mitigate the
negative effects of low capture rates. Similarly, support
mechanisms that may affect the actual revenues of
producers are not explicitly analysed.

Future research should therefore focus on extending
the analysis to other market segments and quantifying
the impact of specific flexible technologies on the
development of the capture rate. Another interesting
direction is to link the capture rate to the degree of price
volatility, the number of hours with negative prices, and
the development of installed wind capacity in individual
countries.
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