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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Variable renewable energy sources highly rely on weather and climate variability. Therefore, their power output may become 
subject to climate change. We analyze how strong climate change may affect wind power resources in Europe, based on the outcome 
of high-resolution climate simulations. In particular, we evaluate the probability and persistence of low, medium and high wind 
regimes and the seasonal variability of wind speeds. For many parts in Europe we find a shift in the wind speed distribution: from 
higher to smaller wind velocities. Thus, the occurrence of wind velocities smaller than the cut-in velocity becomes more likely, 
which may result in lower wind power output. We further observe an increasing seasonal wind variability over most of Central and 
North-Western Europe. This may enhance curtailment in the winter months and backup energy needs in summer. 
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plants must be replaced by renewable energy sources such as wind and solar power to achieve the 2°C goal of the 
Paris agreement [1, 2]. These renewable sources have shown a remarkable development in the last decades [3, 4], but 
system integration remains a challenge due to their intrinsic volatility [4-13]. The rise of renewables constitutes a new 
direct link between climate and energy systems [5, 12]. Wind and solar power generation are determined by current 
wind speeds and solar irradiation and are thus highly volatile. The realization of a renewable power system therefore 
requires a deeper understanding of the impact of climatic conditions and their potential change in the future. 

A variety of previous studies has addressed the total annual wind power yield [14-19] showing a limited effect of 
climate change. [9, 16, 17] further show that the seasonal wind variability tends to increase in many Central and North-
Western European countries. In this contribution, we discuss the impact of climate change on statistical features of 
wind resources beyond total power yields. In particular, we analyze the statistics and persistence of low, medium and 
high wind regimes. They correspond to the three regimes observed in a typical power curve of a wind turbine: no 
generation, generation proportional to the third power of the wind velocity and constant power output. Furthermore, 
we discuss changes in the seasonal wind variability by means of Fourier coefficients. Our results should be understood 
as an assessment to reveal potential changes in wind statistics if mankind fails to prevent strong global warming. 

2. Methodology 

We analyze wind speed time series for a strong climate change scenario – the representative concentration pathway 
8.5 (RCP8.5) [20]. This scenario is chosen as it provides an upper boundary of the possible impact of climate change. 
The analysis is based on five state-of-the-art global climate models (GCMs) downscaled to a high spatial and temporal 
resolution (0.11° and 3 h) by the EURO-CORDEX initiative [21, 22] using the regional climate model RCA4 [23, 
24]. We compare results for the end of the century (‘eoc’, 2070-2100) to results of a historical time frame (‘h’, 1970-
2000) for the five climate models. A result is denoted as robust if at least four of the five models agree on the sign of 
change. Due to the limited availability of highly resolved climate projections, our analysis is restricted to Europe. 

Unfortunately, wind speeds are only given at a height of 𝑧𝑧0 = 10 m, which is far below the height of a typical wind 
turbine. It is common practice to use a simple power law in order to extrapolate the wind velocities 𝑣𝑣 to the hub height 
𝑧𝑧 of a wind turbine [18, 19, 25]: 

vz=vz0 ( z
z0

)
𝛼𝛼

                    (1) 

We chose 𝑧𝑧 =  100 m and 𝛼𝛼 =  1/7. Other choices of 𝑧𝑧 and 𝛼𝛼 were also tested, but since we are only interested 
in absolute and relative changes, our results do hardly depend on the exact choice of these parameters. 

A wind turbine operates differently for different wind regimes. For wind velocities 𝑣𝑣  smaller than the cut-in 
velocity 𝑣𝑣cut−in, the power generation is zero. Between 𝑣𝑣cut−in and the rated wind speed 𝑣𝑣rated, the wind power output 
is proportional to 𝑣𝑣3  [25] and for 𝑣𝑣 ≥ 𝑣𝑣rated , the power output is constant. Furthermore, for very high wind 
speeds 𝑣𝑣 ≥ 𝑣𝑣cut−out, wind turbines have to be shut down for safety reasons. We chose 𝑣𝑣cut−in = 3 m/s, 𝑣𝑣rated =
12 m/s and 𝑣𝑣cut−out = 25 m/s. Since wind velocities above 25 m/s are hardly observed over continental Europe and 
we only find very weak changes at common offshore regions, we just consider the regimes 

• r1: 𝑣𝑣 < 𝑣𝑣cut−in, 
• r2: 𝑣𝑣cut−in ≤ 𝑣𝑣 < 𝑣𝑣rated, 
• r3: 𝑣𝑣 ≥ 𝑣𝑣rated 

in our analysis. 
We analyze the probability and the persistence time of wind velocities being in one of the three regimes. The 

persistence times can be represented by a duration curve, i.e. the probability for an event to last for at least 𝑥𝑥 hours. 
However, we cannot present a duration curve for each site in Europe. Therefore, we consider the duration 𝑥𝑥 associated 
with the 95 % quantile of the duration distribution. This means, 95 % of the data have a duration smaller than 𝑥𝑥 hours 
and 5 % of the data have a duration longer than 𝑥𝑥 hours. In order to represent the impact of climate change on long 
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system integration remains a challenge due to their intrinsic volatility [4-13]. The rise of renewables constitutes a new 
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wind speeds and solar irradiation and are thus highly volatile. The realization of a renewable power system therefore 
requires a deeper understanding of the impact of climatic conditions and their potential change in the future. 

A variety of previous studies has addressed the total annual wind power yield [14-19] showing a limited effect of 
climate change. [9, 16, 17] further show that the seasonal wind variability tends to increase in many Central and North-
Western European countries. In this contribution, we discuss the impact of climate change on statistical features of 
wind resources beyond total power yields. In particular, we analyze the statistics and persistence of low, medium and 
high wind regimes. They correspond to the three regimes observed in a typical power curve of a wind turbine: no 
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2. Methodology 

We analyze wind speed time series for a strong climate change scenario – the representative concentration pathway 
8.5 (RCP8.5) [20]. This scenario is chosen as it provides an upper boundary of the possible impact of climate change. 
The analysis is based on five state-of-the-art global climate models (GCMs) downscaled to a high spatial and temporal 
resolution (0.11° and 3 h) by the EURO-CORDEX initiative [21, 22] using the regional climate model RCA4 [23, 
24]. We compare results for the end of the century (‘eoc’, 2070-2100) to results of a historical time frame (‘h’, 1970-
2000) for the five climate models. A result is denoted as robust if at least four of the five models agree on the sign of 
change. Due to the limited availability of highly resolved climate projections, our analysis is restricted to Europe. 

Unfortunately, wind speeds are only given at a height of 𝑧𝑧0 = 10 m, which is far below the height of a typical wind 
turbine. It is common practice to use a simple power law in order to extrapolate the wind velocities 𝑣𝑣 to the hub height 
𝑧𝑧 of a wind turbine [18, 19, 25]: 

vz=vz0 ( z
z0
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We chose 𝑧𝑧 =  100 m and 𝛼𝛼 =  1/7. Other choices of 𝑧𝑧 and 𝛼𝛼 were also tested, but since we are only interested 
in absolute and relative changes, our results do hardly depend on the exact choice of these parameters. 

A wind turbine operates differently for different wind regimes. For wind velocities 𝑣𝑣  smaller than the cut-in 
velocity 𝑣𝑣cut−in, the power generation is zero. Between 𝑣𝑣cut−in and the rated wind speed 𝑣𝑣rated, the wind power output 
is proportional to 𝑣𝑣3  [25] and for 𝑣𝑣 ≥ 𝑣𝑣rated , the power output is constant. Furthermore, for very high wind 
speeds 𝑣𝑣 ≥ 𝑣𝑣cut−out, wind turbines have to be shut down for safety reasons. We chose 𝑣𝑣cut−in = 3 m/s, 𝑣𝑣rated =
12 m/s and 𝑣𝑣cut−out = 25 m/s. Since wind velocities above 25 m/s are hardly observed over continental Europe and 
we only find very weak changes at common offshore regions, we just consider the regimes 

• r1: 𝑣𝑣 < 𝑣𝑣cut−in, 
• r2: 𝑣𝑣cut−in ≤ 𝑣𝑣 < 𝑣𝑣rated, 
• r3: 𝑣𝑣 ≥ 𝑣𝑣rated 

in our analysis. 
We analyze the probability and the persistence time of wind velocities being in one of the three regimes. The 

persistence times can be represented by a duration curve, i.e. the probability for an event to last for at least 𝑥𝑥 hours. 
However, we cannot present a duration curve for each site in Europe. Therefore, we consider the duration 𝑥𝑥 associated 
with the 95 % quantile of the duration distribution. This means, 95 % of the data have a duration smaller than 𝑥𝑥 hours 
and 5 % of the data have a duration longer than 𝑥𝑥 hours. In order to represent the impact of climate change on long 
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persistence times, we derive the absolute change of the duration which corresponds to the 95 % quantile of the duration 
distribution. 

 

 

Fig. 1. Probability density function (PDF) of wind speeds v100 at a height of 100 m at the offshore site Alpha Ventus (lat/lon =  54.0°/6.4°) 
and at one point in Scotland (lat/lon =  57.0°/−2.9°) for the five models. Vertical lines show the average wind velocity. Blue: historical (1970-

2000), yellow: end of century (2070-2100), grey: difference. 

A further important statistical feature of a wind time series is its seasonal variability. Usually, wind speeds are 
higher in winter than in summer over Europe. In order to quantify the impact of climate change on this seasonality, 
we analyze the relative change of the peak of the Fourier spectrum that corresponds to a frequency of 1/year. 

3. Results 

3.1. Exemplary results for two sites in Europe 

The probability density function (PDF) of the 100-m wind speeds is shown for two examples in Fig: the offshore 
site ‘Alpha Ventus’ in the North Sea and one point in Scotland. For Alpha Ventus, predicted changes in the PDF differ 
between the five models. In the case of Scotland, the distributions show a weak shift from high to low wind velocities. 
The average wind velocities are hardly sensitive to climate change and relative changes are of the order of ±0 to 5 %. 
Even though changes in average wind speeds may be low, there might be a strong impact on wind power output due 
to the highly nonlinear relationship between wind velocities and wind generation. Furthermore, results strongly 
depend on the explicit location. Thus, there is a need for a more detailed statistical analysis for Europe as a whole. 

3.2. Probability of being in one of the three wind regimes 

A shift from high to low wind velocities can have significant implications for wind power generation due to the 
three regimes in the power curve. Therefore, we will analyze the change of the probability of being in one of the three 
regimes for Europe as a whole in the following (see Fig). We find a robust (i.e. at least four of the five models agree 
on the sign of change) shift from regime r2 (3 ≤ 𝑣𝑣 < 12 m/s) to regime r1 (𝑣𝑣 < 3 m/s) over most of continental 
Europe, whereas there is almost no shift between r3 (𝑣𝑣 ≥ 12 m/s) and r2. Exceptions are Spain, Norway and the Alps, 
where we find a shift from r3 to r2 and r1. We further find a shift from regime r3 to regimes r2 and r1 over the Atlantic 
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Ocean and the Mediterranean Sea. It should be noted that the probability for small wind speeds (𝑣𝑣 < 3 m/s) is much 
lower over the ocean than over land (cf. Fig). Therefore, a small absolute change of 𝑃𝑃(𝑣𝑣 < 3) over the ocean implies 
a comparatively high relative change. The same is true for 𝑃𝑃(𝑣𝑣 ≥ 12) over land. However, the models do not agree 
on the sign of change over most of continental Europe for 𝑃𝑃(𝑣𝑣 ≥ 12). 

 

 

Fig. 2. Average absolute change of the probability for wind speeds being in one of the three wind regimes. The average is derived from the 
absolute change found for each of the five models. Sites are colored in grey if less than four of the five models agree on the sign of change. 

All in all, over many parts of Europe we find a negative effect of strong climate change for the generation of wind 
power: The probability for being below the cut-in velocity increases and there is a general shift from higher to lower 
wind velocities in many parts of Europe. A complementary effect arises over the Baltic Sea, the Aegean Sea and the 
Strait of Gibraltar: There is a shift to higher wind velocities from r1 and r2 to r3. Yet, offshore wind generation in 
these regions may become more effective under strong climate change. 

3.3. Persistence times 

The wind time series have a temporal resolution of 3 h. Therefore, the duration of being in one of the three wind 
regimes is a discrete value (a multiple of three). We decided to analyze the absolute change in the duration 
corresponding to the 95 % quantile of the duration distribution. A signal is denoted as robust if at least four of the five 
models agree on either an increase in the duration, no change at all or a decrease. 

Even though we find a robust increase of being in wind regime r1 for most of Europe (cf. Fig), this does not 
automatically imply that the persistence time of being in this regime increases as well (see Fig). In fact, for regime r1 
we only find a robust increase in the persistence time for Sweden, Finland and Estonia and partly also for Latvia and 
spots in Central Europe. For many sites, especially in Southern Europe and at the coastal regions, we find no change 
at all and for most sites, the models do not agree on the sign of change. 

This observation is different for regime r2. Here, increasing probabilities over the Atlantic Ocean and parts of the 
Mediterranean Sea also imply a longer persistence of being in this state. We further find longer persistence times in 
the North Sea, even though there is no robust change of the probability there. Additionally, over large parts of Central, 
Eastern and Southern Europe, the persistence time corresponding to the 95 % quantile decreases. This may result from 
the decreasing probability of being in this regime and from a higher probability to switch between regimes r1 and r2. 
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Ocean and the Mediterranean Sea. It should be noted that the probability for small wind speeds (𝑣𝑣 < 3 m/s) is much 
lower over the ocean than over land (cf. Fig). Therefore, a small absolute change of 𝑃𝑃(𝑣𝑣 < 3) over the ocean implies 
a comparatively high relative change. The same is true for 𝑃𝑃(𝑣𝑣 ≥ 12) over land. However, the models do not agree 
on the sign of change over most of continental Europe for 𝑃𝑃(𝑣𝑣 ≥ 12). 

 

 

Fig. 2. Average absolute change of the probability for wind speeds being in one of the three wind regimes. The average is derived from the 
absolute change found for each of the five models. Sites are colored in grey if less than four of the five models agree on the sign of change. 

All in all, over many parts of Europe we find a negative effect of strong climate change for the generation of wind 
power: The probability for being below the cut-in velocity increases and there is a general shift from higher to lower 
wind velocities in many parts of Europe. A complementary effect arises over the Baltic Sea, the Aegean Sea and the 
Strait of Gibraltar: There is a shift to higher wind velocities from r1 and r2 to r3. Yet, offshore wind generation in 
these regions may become more effective under strong climate change. 

3.3. Persistence times 

The wind time series have a temporal resolution of 3 h. Therefore, the duration of being in one of the three wind 
regimes is a discrete value (a multiple of three). We decided to analyze the absolute change in the duration 
corresponding to the 95 % quantile of the duration distribution. A signal is denoted as robust if at least four of the five 
models agree on either an increase in the duration, no change at all or a decrease. 

Even though we find a robust increase of being in wind regime r1 for most of Europe (cf. Fig), this does not 
automatically imply that the persistence time of being in this regime increases as well (see Fig). In fact, for regime r1 
we only find a robust increase in the persistence time for Sweden, Finland and Estonia and partly also for Latvia and 
spots in Central Europe. For many sites, especially in Southern Europe and at the coastal regions, we find no change 
at all and for most sites, the models do not agree on the sign of change. 

This observation is different for regime r2. Here, increasing probabilities over the Atlantic Ocean and parts of the 
Mediterranean Sea also imply a longer persistence of being in this state. We further find longer persistence times in 
the North Sea, even though there is no robust change of the probability there. Additionally, over large parts of Central, 
Eastern and Southern Europe, the persistence time corresponding to the 95 % quantile decreases. This may result from 
the decreasing probability of being in this regime and from a higher probability to switch between regimes r1 and r2. 
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Fig. 3. Average absolute change of the persistence corresponding to the 95 % quantile of the duration distribution for the three wind regimes. The 
average is derived from the absolute change found for each of the five models. Sites are colored in grey if less than four of the five models agree 

on the sign of change. 

For high wind velocities (𝑣𝑣 ≥ 12 m/s, r3), the persistence times increase over the Baltic Sea, the North Sea, the 
Aegean Sea, the Strait of Gibraltar and partly over the UK, Ireland, Germany, Benelux, France and the Baltic states. 
As this wind regime implies a constant power generation at rated capacity, we can conclude that strong climate change 
may have a positive impact on the steadiness of wind generation in these regions. 

To conclude, for the low and the high wind regime, we observe at all sites in the northern part of Europe (except 
for Norway) which are relevant for wind power generation either an increasing persistence time or no change at all. 

3.4. Seasonal wind variability 

 

Fig. 4. Left: Frequency spectrum for one model in the EURO-CORDEX ensemble. Right: Average relative change of the height of the peak in the 
Fourier spectrum corresponding to a frequency of 1/year. The average is derived from the relative change found for each of the five models. Sites 
are colored in grey if less than four of the five models agree on the sign of change.  Blue: historical (1970-2000), yellow: end of century (2070-

2100). 
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The wind yield in Europe is usually higher in winter than in summer. An increasing seasonal wind variability would 
refer to higher wind yields in the winter months and/or lower wind yields in the summer months. This is not favorable 
for renewable power systems that highly rely on wind energy as there is lots of overproduction in winter and/or lots 
of backup needed in summer. 

We find an increasing Fourier component corresponding to the seasonal variation of wind speeds for Germany, 
UK, Ireland, Benelux, the Czech Republic and France (see Fig). For Southern Europe results are often not robust. 
However, in some Regions in the Mediterranean Sea, Spain, Portugal and Greece, we observe a strong decrease in the 
seasonal wind variation, which is favorable for a wind-dominated power system. Changes are not robust in the Baltic 
Sea. Hence, positive effects for offshore wind power generation dominate there (cf. Fig, Fig). 

4. Conclusion 

We extended the series of climate impact studies on wind energy by means of further statistical features of wind 
velocities in Europe. Previous studies found that (strong) climate change has only a limited effect on average wind 
power yields [14-19]. But it is not enough to only consider average quantities. Therefore, we studied the probability 
and the persistence time of being in one of the three important regimes for wind power generation: r1 – no generation, 
r2 – highly fluctuating generation, and r3 – constant generation. 

For most of continental Europe we find a shift from r2 to r1 under strong climate change, implying higher 
probabilities for wind turbines being idle. We further find a shift from r3 to r2 and r1 over the Atlantic Ocean and the 
Mediterranean Sea, which may be important for future, innovative offshore wind farms located in the deep sea. The 
persistence time of being in regime r1 is hardly affected – except for Sweden, Finland and Estonia where we find an 
increasing persistence time and thus a high probability for low wind power generation. Complementary results are 
found for the Baltic Sea, the Aegean Sea and the Strait of Gibraltar where the probability and the persistence time of 
being in regime r3 increase. Thus, it may be favorable to install offshore wind farms in these regions. 

Considering the seasonal wind variability, we can enhance the findings of previous studies [9, 16, 17] where a 
relative increase over Central and North-Western Europe is found. This may increase power generation and possibly 
curtailment in the winter months and increase backup power needs due to low power output in the summer months. 

There are hints for a much stronger impact of climate change in other regions of the Earth [26], but the temporal 
and spatial resolution of currently available climate projections is not sufficient for a detailed assessment. Thus, there 
is a need for more highly resolved wind data for further regions in the world. Additionally, it would be highly favorable 
if wind speeds at different heights close to the typical turbine hub height would be made available in future regional 
climate projections. This is important as it is not possible to include potential variations in the stability of the 
atmosphere and in the surface roughness into the analysis when using a power law to scale up wind velocities. 
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