
Vol.:(0123456789)

SN Applied Sciences (2019) 1:865 | https://doi.org/10.1007/s42452-019-0897-2

Research Article

Measurements and reanalysis data on wind speed and solar irradiation 
from energy generation perspectives at several locations in Poland

Adam Piasecki1  · Jakub Jurasz2,3  · Alexander Kies4 

© The Author(s) 2019  OPEN

Abstract
Energy system research requires input data with high temporal and spatial resolution. However, the measurements 
performed in meteorological stations are only available for selected locations. Currently a growing number of research 
papers on small and large-scale power systems utilizes data coming from satellite measurements and various reanalyses. 
Although many authors aimed at comparing various data sources on irradiation and wind speed there is a lack of such 
studies, which compare both resources simultaneously at the same location. In consequence, many studies which are 
entirely based on satellite/reanalysis data may not be representative. In this paper 15 locations in Poland have been 
selected where the National Institute of Meteorology and Water Management performs continuous measurements of 
wind speed, temperature and global irradiation on a horizontal surface. Hourly time series were obtained for the year 
2012 and 2013. The renewable resources were converted into electrical energy, considering the performance of typical 
PV panels and wind turbines. The findings of this study are as follows: solar radiation (CAMS and ERA5) shows a good 
agreement with ground measurements, for hourly values the coefficient of correlations is greater than 0.9; for individual 
locations the energy yield from PV system can differ by up to 9% but on average (all locations) the simulated energy yield 
based on satellite data is higher by less than 0.5%; simulations for wind energy showed a large variability in results with 
differences in capacity factors reaching 15 percentage points.
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1 Introduction

Meteorological data is a crucial input in energy system 
models. Wind speed, irradiation and temperature are used 
to estimate the energy production from renewable gener-
ators like photovoltaics (PV) or wind turbines installed in a 
given location. Over recent years more and more attention 
is being paid the models focusing on large scale renewa-
bles based energy systems [1, 2]. The validity of results 
obtained by those models is most likely significantly 
affected by the quality of the input data. Since measure-
ments are rarely available in a desired spatial density and 

therefore often inadequate for simulations (for example 
wind speed data is provided only at 10 meters above 
ground level, whereas a modern wind turbine has a hub 
height often exceeding 100 meters). In addition, ground 
measurements often tend to be incomplete (due to the 
equipment malfunction or closing of given measuring sta-
tion). In such situations, data from satellite measurements 
and various reanalysis is applied. Such data is character-
ized by a relatively long temporal coverage (sufficient to 
consider in the modelling the inter-annual variability of 
wind and solar energy) and good spatial resolution and 
extend (available usually for the whole Earth).
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Considering the common availability of satellite/reanal-
ysis data it is not surprising that is being more and more 
often used in simulation models. However, the questions 
arise with regard to the quality of such data. Namely, if the 
satellite/reanalysis based time series of wind speed and 
irradiation exhibits the same qualities as ground measure-
ments. Several research papers were dedicated to the use 
of such data sources in energy systems analysis. Andresen 
and et al., [3] presented an atlas for estimation of energy 
generation from renewable sources (wind and solar) and 
stressed the importance of using high quality data in energy 
system simulations. Olauson and Bergkvist [4] modelled the 
operation of Swedish wind parks based on MERRA data and 
found it quite well fitting the measured data. Pfenninger 
and Staffell [5] performed the comparison of measurements 
with satellite and reanalysis data for over 1000 locations in 
Western Europe. They found that neither of two sources is 
superior. Staffell and Pfenninger [6] used reanalysis data and 
found that its application requires a prior validation, how-
ever proper data preparation enables simulation of Euro-
pean wind sector with a good accurace  (R2 > 0.95). Pfeifroth 
et al., [7] compared the trends and variability of surface solar 
radiation based on measurements and satellite data sources. 
Frank et al., [8] proposed new data sets, which outperform 
ERA-Interim and MERRA-2 thanks to the bias correction.

To the best of the Authors’ knowledge, the satellite/rea-
nalysis data has so far not been compared with the meas-
urements provided by the National Institute of Meteorology 
and Water Management from the renewable energy sources 
perspective. Two studies by Jurasz et al., [9, 10] provide an 
anecdotal evidence that satellite/reanalysis data might be 
useful to simulate the polish wind energy sector and irradia-
tion measurements, showing a good fit with satellite data. 
However, considering the growing importance of renewable 
energy sources in the Polish power system (despite some 
legislative upheavals), there is a pressing need to investigate 
if satellite/reanalysis based data is sufficient for simulation 
and optimization of the future energy system dominated by 
renewables. Considering above, the objective of this study 
is to compare the theoretical energy yield from a PV system 
and wind turbine situated in various locations in Poland. 
The analysis focuses on the energy yield per kW of installed 
capacity and variation in the capacity factor. The aim of this 
works is to answer the question, how big (if ) are the differ-
ences between energy generation estimated based on vari-
ous data sources.

2  Data and methods

For the purpose of this study data on solar radiation (global 
horizontal irradiation), temperature and wind speed has 
been downloaded from freely available sources. In total 

15 locations in Poland were selected (see Fig. 1). Consid-
ered data covered years 2012 and 2013 and was available 
with an hourly time step. Table 1 summarizes data source 
and provides the necessary references. Overall, in case of 
each location energy generation from PV and wind turbine 
has been estimated based on three data sources. In case 
of two locations (Puławy and Lublin) only one renewable 
resources was considered due to lack of ground measure-
ments (Puławy – no wind speed measurements, Lublin – no 
irradiation measurements).

To estimate the energy generated by a PV installation on 
an hourly basis, the following formulas were applied.

where EPV  energy generated by PV system [kWh], PPV 
installed capacity if PV system [kW], H irradiation [kWh], 
HSTC irradiation in standard testing conditions [kWh],� 
temperature dependent efficiency reducing coefficient 
[−], TC operating temperature of PV modules [°C], TSTC PV 
modules operation temperature in standard testing condi-
tions [°C], �PV overall efficiency of the PV system [%], Ta air 
temperature [°C], TNOCT temperature in normal operating 
conditions [°C].

The energy available from given wind speed at certain 
height can be either estimated based on general formulas 
or by considering a power curve of a wind turbine available 
on the market. Here, the second approach has been selected 
[11] and a common Vestas V90 (Fig. 2) wind turbine was 
considered. Prior to estimating the energy generation from 
wind turbine the wind speed has been recalculated from 10 
meters above ground level to the hub height of 100 meters 
above ground level. For that purpose, a power low was used 
with an exponent equal to 1/7. Later, Eq. 3 can be directly 
applied to calculate the energy yield from wind turbine.

where P power generated by wind turbine [kW], v wind 
speed [m/s], vcut−in cut-in wind speed [m/s], vrated rated 
wind speed [m/s], vcut−off  cut-off wind speed [m/s], P(v) 
polynomial describing power output as function of wind 
speed [kW], Pmax maximal power of wind turbine [kW].
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3  Results and discussion

It can be assumed that the ground measurements of 
irradiation are representative and may translate directly 
into the energy yield of optimally designed PV systems in 
given location or even larger area. However, the nature 
of wind energy is much more volatile and differ signifi-
cantly from location to location. Historically, the meteor-
ological stations measuring wind speed were located on 
the city outskirts. Yet, the continuous urbanization lead 
to drastic changes in their localization. Some of them are 

currently located within the cities and are surrounded by 
dense and high development. This in consequence has 
an impact on the local climate (including wind speed).

The disturbance of wind speed within cities as a 
result of significant surface roughness has already been 
well documented. In the literature, the wind speed is 
reduced by 20-30% in urban development in relation 
to the peripheral areas of cities [12, 13]. In city centers 
characterized by the densest buildings, the mentioned 
speed drop reaches 50% [14, 15]. The consequence of 
the reduced wind speed in cities is the more frequent 
occurrence of atmospheric silence. It is a phenomenon 

Fig. 1  Location of selected 
sites. Full circle—both wind 
and irradiation data were avail-
able, black/white circle—only 
irradiation data, white/black—
only wind data

Table 1  Summary of data 
sources used

Source References Meteorological parameter provided

IMGW PIG https ://danep ublic zne.imgw.pl/ Wind speed, temperature, irradiation
CAMS http://www.soda-pro.com/ Irradiation
MERRA https ://gmao.gsfc.nasa.gov Wind speed, temperature
ERA5 https ://cds.clima te.coper nicus .eu Irradiation, wind speed, temperature

https://danepubliczne.imgw.pl/
http://www.soda-pro.com/
https://gmao.gsfc.nasa.gov
https://cds.climate.copernicus.eu
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very burdensome for urban residents, because it intensi-
fies problems related to the accumulation of pollutants 
and the removal of heated air [16]. It affects the occur-
rence, intensity, and vertical range of the urban heat 
island [17, 18].

It must be noted that large-scale wind projects are usu-
ally located in areas located far away from human settle-
ments; therefore, comparison of wind potential in cities 
has a limited applicability. Unfortunately, measurements 
from commercial masts (located in wind parks or other 
prospective locations) are not available.

First part of our work focuses on calculating the energy 
yield from PV and wind turbine systems located in each 
selected location. Further, the respective energy yields 
are used to estimate the energy source capacity factor. 
Capacity factor is a representative metric which is defined 
as a sum of energy delivered over 1 year divided by the 
theoretical energy generation if the generator worked 
under full load for the whole year. Here, 2 years of data 
were used to calculate the capacity factor twice and later 
average it. The results of our calculations are presented 
on Figs. 3 and 4. Firstly, one can observe that the estima-
tions for wind turbine exhibit a much higher variability 
than for PV system. It is in line with the current knowl-
edge that the potential of solar energy in Poland is rather 
uniform, whereas wind energy exhibits significant varia-
tion. Secondly, the estimations for wind generation can 
be off by as much as 30 percentage points (for example 
Kołobrzeg where ground measurements indicate capacity 
factor of 15% and MERRA data of close to 45%). Thirdly, the 
estimations for solar energy based on MERRA and ERA5 
data show a good match with ground measurements. The 

highest observed difference amounts to 0.9 percentage 
points and was observed for Łódź.

From values presented in Fig. 3, we can observe that, 
in general, MERRA tends to overestimate the energy gen-
eration from wind turbines in comparison to ERA5 and 
ground measurements. The average capacity factor for 
wind turbine for all locations based on those data sources 
was respectively: 15.9%, 26.4% and 15.8%. The low value 
of capacity factor for ground measurements can be attrib-
uted to the fact that meteorological stations are situated 
in locations which are from practical point of view not 
suitable for wind projects development. At this point it 
is worth to add that considering the energy production 
from wind sources in Poland over the year 2017 [19], which 
amounted to 14.909 TWh, and assuming the installed 
capacity to be equal to 5.858 GW, the average capacity fac-
tor of polish wind parks was 29.1%. This indicates that the 
wind energy conditions are much better in Poland in the 
areas different than those covered by the selected mete-
orological stations. Or the locations of stations, especially 
the wind speed meter does not reflect the wind conditions 
over larger areas. Also the capacity factor of wind turbines 
increases with the hub height.

The same analysis has been performed for the PV gen-
eration. As can be observed in, Fig. 4 there are locations 
for which all data sources indicate the same value of 
the capacity factor (Puławy) or where two sources have 
relatively similar values, whereas the third is significantly 
different (Włodawa). Interestingly, good match can be 
observed between measurements and CAMS (Gorzow 
Wielkopolski) and lower values are calculated based on 
ERA5. In the same time in Włodawa CAMS and ERA5 have 

Fig. 2  Vestas V90 power curve 
for wind speeds from 3.5 to 
12 m/s
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good match whereas ground measurements have much 
higher value (more by almost 0.8% point). Taking into 
the consideration the average values calculated for the 
whole Poland it was found that for a representative PV 
system the energy yield should be 921 kWh, 920 kWh 
and 925 kWh for, respectively, ground measurements, 
CAMS and ERA5.

For the location Koło we have also compared the hourly 
generation values. Figure 5 presents scatter plots for all 
possible combinations of data sources. The highest value 
of the coefficient of correlation was observed between 
ground measurements and CAMS (0.966), second came 
CAMS and ERA5 (0.954) and the lowest between ground 
measurements and ERA-5.

Fig. 3  Theoretical capacity factors for Vestas V90 wind turbine

Fig. 4  Theoretical capacity factors for PV systems
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If the energy generation match is assessed based on a 
daily time scale, the following (for measurements—CAMS, 
measurements—ERA5) can be observed (see Fig. 6). In 
terms of energy the maximal overestimation in case of 
ERA data source amounted to 2.5 kWh, whereas in case of 
CAMS data to 1.8 kWh (this values refer to a PV system with 
a capacity of 1 kW). When mismatch values are compared 
to the daily energy generation (based on ground measure-
ments), values as high as 200% (overestimation) and 50% 
(underestimation) can be observed. An overestimation by 
100% means that the PV system theoretically generated 4 
kWh of electrical energy (based on ground measurements) 
on a daily basis, whereas other data sources indicated an 
energy yield of 8 kWh.

The final part of the analysis is dedicated to the mean 
monthly values of hourly energy generation from a wind 
turbine. Again, location Koło has been selected for more 

detailed analysis. On Fig. 7 we have presented the out-
come of our calculations. As can be observed, the data 
sources follow the same annual patterns. Namely, the 
lower generation values are observed in the middle of 
the year, whereas the energy generation from the wind 
turbine increases in Autumn–Winter period. In case of 
all months, the ground measurements and MERRA show 
a good fit. However, the ERA5 suggested significantly 
lower values (often by more than 200 kWh – which is 
equal to 10% of the turbine nominal capacity). As indi-
cate by [20] this difference could be attributed to the fact 
that reanalysis data is characterized by a good fit with 
measurements on open areas, whereas in mountainous 
regions, where often local wind regimes are dominant, 
it (the reanalysis data) cannot provide a good fit with 
measurements.

Fig. 5  Comparison of hourly PV energy generation between different data sources for location: Koło

Fig. 6  Mismatch between daily 
energy generation estimated 
based on ground measure-
ments and CAMS and ERA5 
data. Negative values indicate 
situation when the energy 
yield based on ERA5 or CAMS 
was higher than that estimate 
based on ground measure-
ments -2
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4  Conclusions

This research paper presents results of an analysis aim-
ing at assessing how good is the representation of 
wind speed and irradiation meteorological parameters 
obtained from satellite and reanalysis in comparison to 
ground measurements. The analysis was conducted from 
the energetic point of view by converting the irradiation 
and wind speed into useful electrical energy consider-
ing the typical generators performance. Overall, both 
CAMS and ERA5 datasets have shown a good fit with the 
ground measurements for solar energy. The average esti-
mated energy yield per 1 kW of installed capacity in PV 
was almost the same for all sources and the differences 
were less than 1%. The wind speed is a phenomena with 
a much more variable characteristic on a spatial scale 
and therefore the fit between ground measurements and 
reanalysis data (MERRA and ERA5),which are rather spa-
tially coarse, was relatively poor. Only for two locations 
(Koło and Łeba), the reanalysis datasets showed a very 
good match with ground measurements. In our opinion, 
and based on the conducted analysis, both CAMS and 
ERA5 are suitable for estimation of energy yield from PV 
installation in Poland. However, those estimates should 
be treated with caution, as on the hourly basis the dif-
ferences between individual data sources can be signifi-
cant. If real load data will be compared with the energy 
yield estimated based on CAMS or ERA5, theoretically 
errors may occur due to the fact that the electrical load 
to some extent is influenced by the irradiation.

This study answered some of the questions regarding 
the applicability of the satellite/reanalysis data in renew-
able energy sources simulation in Poland. However, the 
overwhelming part of questions remains unanswered. 
Therefore, in future research we emphasize to focus on 
the following: detailed analysis of how datasets match on 

an hourly basis and application of the data to the models 
of renewable-based energy systems in Poland.

In addition, we would like to apply more sophisticated 
wind potential methods, which has been successfully 
applied by, inter alia [21, 22].
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