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Summary — In this work, we analysed multi-annual data set of 
wind and solar production portfolio with different power frequency 
approaches and averaging methods in order to characterize power 
production variability at different temporal scales. All the methods 
have their advantages depending on their scale and purpose, but also 
some shortcomings that limit their use. For the purposes of this work, 
we selected the method of explicit derivation as the most appropriate 
for the fast power change frequency analysis and characterization.  
The variability of power production from wind and solar power 
plants in Croatia is strongly present on an hourly, daily and se-
asonal level, while on an annual level the variability is much 
less pronounced. Since current electricity production and con-
sumption must remain in balance to maintain the stability of 
the power network, this variability of production can pose si-
gnificant challenges for the inclusion of large amounts of wind 
and solar energy in the power system of the Republic of Croatia. 
A particular challenge for the power system in terms of production 
variability is the fast change in power. Fast power change affects the 
quality of production forecasting and consequently causes higher im-
balance costs. The impact on the management and balancing of the 
power system is particularly challenging.

Keywords — fast power change, solar power plants, variability of 
electricity production, wind power plants

I. Introduction

CROATIAN ENERGY MARKET OPERATOR Ltd. (HRO-
TE) in accordance with the Law on the Renewable Energy 
Sources and High-Efficiency Cogeneration (“Official Ga-

zette”, number: 138/21) is designated as the manager of the ECO 
balance group with the obligation to forecast the production of 
ECO balance group, payment of balancing costs for ECO balance 
group and sale of electricity from ECO balance group.

The installed capacity of wind power plants (WPP) in the Re-
public of Croatia is growing rapidly, on 31 December 2021 it was 
989.5 MW, while in the ECO balance group there was 712 MW 
of installed power of WPP on the same day. Considering that the 
largest share of the installed power of WPP in the Republic of Cro-
atia is in the ECO balance group, for the purposes of this paper, 

data of production of WPP (the same applies to solar power plants) 
from the ECO balance group will be used as representative for the 
Republic of Croatia.

The construction of solar power plants (SPP) in the Republic 
of Croatia is currently lagging behind WPP, but significant increase 
in the installed power of SPP is expected in the next few years. On 
31 December 2021, the installed capacity of SPP that are part of the 
ECO balance group was 55.9 MW.

The variability of electricity production from WPP and SPP is 
expressed on an hourly, daily and seasonal level, while on an annu-
al level the variability is less pronounced [1]. A particular challenge 
for the power system in terms of production variability is the fast 
change in power. Fast power change affects the quality of produc-
tion forecasting and consequently causes higher imbalance costs, 
and the impact on the management and balancing of the power 
system is particularly pronounced [2], [3].

Considering the biggest share of the installed power of WPP 
in total power of all plants that are part of ECO balance group, the 
quality of WPP production forecasting has the greatest impact on 
the balancing costs for the ECO balance group. In 2021, HRK 53.56 
million of balancing costs were charged to ECO balance group, 
and according to HROTE’s estimation, WPP used more than 97% 
of all the costs. The achieved quality of WPP forecast for a day 
ahead in 2021 was 4.92% MAE (35.5 MWh/h) with a maximum 
positive error (production greater than plan) of +268 MWh/h and 
with a maximum negative error (production less than plan) of -221 
MWh/h. With forecasting WPP production on the day of delivery, 
the total WPP forecasting error was reduced for 25%, from an ave-
rage of 35.6 MWh/h to 26.7 MWh/h, that is, from MAE 4.92% to 
MAE 3.70%. The paper will specifically analyse the quality of the 
WPP forecast, in case of fast power change, for a day ahead and on 
the day of delivery.

The achieved quality of SPP production forecast for a day ahe-
ad in 2021 was 1.73% MAE (<1 MWh/h) with a maximum positi-
ve error of 10 MWh/h and with a maximum negative error of -16 
MWh/h.

The paper presents an analysis of the frequency of fast power 
change, WPP and SPP ramp events, individually and in total, 
which are part of the ECO balance group, the amount and distribu-
tion of fast power change in time. The impact of fast power change 
on the entire power system will also be considered and analysed in 
paper. For the purposes of the analysis, historical 15-minute, hourly 
and 2-hour data of WPP and SPP production were used for the first 
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three years and four months of ECO balance group operation, and 
additionally, an analysis was made for a shorter period based on 
minute data of WPP production.

II. Literature Overview
Wind and solar power production variability, identification of 

fast power change events and how they affect the quality of pro-
duction forecasting and power system management was widely 
studied subject due to strong impact on the grid integration, flexibi-
lity requirements and accuracy of wind and solar power forecasts. 

In research article [4] a wind energy Ramp Tool and Metric 
(RT&M) was developed with description of multiple methods 
how to identify events of fast power change. The RT&M integrates 
skill of multiple forecast models over a matrix of ramp events of 
varying amplitudes and durations, with range of power thresholds 
and window lengths.

Report [5] presents an overview of current fast power change 
(ramp) definitions and state-of-the-art approaches in ramp event 
forecasting. Multiple ramp definitions are quoted in report and 
ramp forecasting models are described.

In paper [6] an analysis of time series of load, wind, PV and the 
resulting net load is presented in scenarios for Europe that allow to 
quantify flexibility requirements in future power systems with high 
shares of variable generation in scenarios for Europe that allow 
to quantify flexibility requirements in future power systems with 
high shares of variable generation. Ramp properties of wind and 
PV generation in Europe are described with comparison of expec-
ted range of largest wind and solar power ramps on hourly level.

Article [12] and study [13] are focused on assessment of the 
possibility of the integration of wind power plants specifically into 
the electric power system of the Republic of Croatia. Since wind 
power variations affects power system requirements in ancillary 
services, an assessment of fluctuation in the power output of wind 
power plants is made. Based on model data an assumption is made 
of maximum hourly fluctuation on entire expected wind portfolio 
in the Republic of Croatia.

III. Description of the Method and Input Data 
According to [4], the analysis of the frequency of events of fast 

power change of WPP and SPP, individually and collectively, can 
be performed according to three described methods:

A. → Fixed-time interval method – the method with constant 
time intervals

The method with constant time intervals records the change in 
power between the initial and final power values of a given time in-
terval, which can be bigger or smaller than the given power change 
value. Due to the simplicity of implementation, the method itself 
has several disadvantages, such as the occurrence of larger power 
changes within the observed interval and overlapping positive 
and negative power changes, where only a change in one direc-
tion, either positive or negative, is recorded. In the case when we 
analyse 15-minute power data of WPP in a time period of 2 hours, 
the comparison will be made only of the first and last 15-minute 
intervals. Within the analysed interval there may be larger power 
changes, but they will not be considered.

B. → Minimum - maximum method - the method of the lowest 
and highest value

Considering the shortcomings of the previous method, the 
lowest and highest value method identifies the lowest and highest 
value in each time interval and thus identifies the most cases with 

fast power change. In the case when we analyse 15-minute power 
data of WPP in a time period of 2 hours, we will compare each 
15-minute interval and look for the lowest and highest value of all 
15-minute intervals in the 2-hour time period.

C. → Explicit derivation method

The method compares each interval with the adjacent interval 
of a given time period and looks for a power change that is abo-
ve the given power change value. The method analyses all power 
values within a given time interval. In the case when we analyse 
15-minute power data of WPP in a time period of 2 hours, each 
15-minute interval is compared with the next 15-minute interval, 
and if the power change is greater than the set value, it is recorded 
as a fast power change event.

Although a fast power change can be easily identified visually, 
there is no consensus on the accepted formal definition of a fast 
power change, and it can be characterized according to three featu-
res: direction, magnitude and duration [5], [6], [7], [8]. 

The highest rates of change in WPP power depend on the geo-
graphical size of the observed country. In medium-sized and large 
countries, the maximum hourly change in the WPP power is in the 
range of 6-10% of the installed WPP capacity, while in smaller co-
untries it is in the range of 11-18%. SPP have a power change equal 
to or close to 0 for almost half of the hours because they have no 
production during the night hours, and in most countries the maxi-
mum power change at the hourly level is in the range of 18-25% of 
the installed capacity [9].

 For the purposes of this work, the method of explicit de-
rivation was used, with the fact that the distribution of all changes 
in power will be shown without clearly determining the threshold 
that would determine the fast power change for the observed time 
period.

The input data for calculating the power change of WPP and 
SPP are historical 15-minute data on the production of WPP and 
SPP for the period from January 1, 2019 to May 1, 2022, from which 
hourly and two-hourly historical data were obtained. For a shorter 
time period from March 2, 2022 to June 17, 2022, an analysis of the 
power change of the WPP was made for one-minute and 5-minute 
intervals.

IV. Results and Interpretation
As stated in the previous chapter, the paper will analyse the 

power change based on the method of explicit derivation according 
to which the power change is equal to the difference between the 
power in interval i and the power in the previous i-1 interval in 
relation to the total installed capacity (1). 

        (1)

Additionally in chapter 4.B. for the hourly time interval for 
WPP, a threshold for fast power change was determined (10% of 
the installed capacity of the WPP), and the quality of forecasting 
was determined for such a determined fast power change.

A. → Analysis of WPP and SPP power change distribution

Figures 1-3 show the distribution of all changes in WPP power 
at the 2-hour, hourly and 15-minute levels.
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Fig. 1. Distribution of the WPP power change intervals at the 2-hour level

Fig. 2. Distribution of the WPP power change intervals at the hourly level

Fig. 3. Distribution of the WPP power change intervals at the 15-minute 
level

At the 2-hour interval, the largest power increase was recorded 
in the amount of +40.2% of the installed capacity, and the largest 
decrease was -45.4%. At the hourly interval, the previously descri-
bed range is +29.7% and -30.8%, and at the 15-minute level +19.6 
and -17.5%. If we compare the results of the research under [9], 
according to which in smaller countries the maximum WPP power 
change on an hourly level is in the range of 11-18%, we can conclu-
de that significantly larger power changes occur in the Republic of 
Croatia than the average. The characteristics of the wind and the 
concentration of WPP in a relatively small area are the main cause 
for extremely fast WPP power changes in the Republic of Croatia.

Figure 4 shows the normal distribution of WPP power changes 
at 2-hour, hourly and 15-minute levels.

Fig. 4. Comparative presentation of the normal distribution of the WPP 
power change at the 2-hour, hourly and 15-minute levels

The data in Figure 4 for each time period are in the range 0% 
+/- 3% standard deviation of all data and include 98.4% of all data, 
so for a 2-hour period they are in the range +/-20.1%, for an hour 
period in the range +/-12.7%, and for a 15-min period in the range 
+/-5.2% of the installed WPP capacity.

Figures 5 and 6 show the distribution of WPP power changes at 
the minute and 5-minute levels for the period from March 2, 2022 
to June 17, 2022.

Fig. 5. Distribution of the WPP power change intervals at the 5-minute 
level

Fig. 6. Distribution of the WPP power change intervals at the 1-minute 
level

The largest change in WPP power at the 5-minute level is 
+10.3% and -7.2%, while at the 1-minute level it is in the range of 
+3.6% and -4.6% of the installed WPP capacity.

Figure 7 shows the distribution of the change in WPP power 
at the hourly level of more than 10% of the installed WPP capacity 
within a day.
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Figures 8 and 9 show the distribution of all SPP power 
changes at hourly and 15-minute levels. The largest change in 
SPP power at the hourly level is +25.1% and -25.9%, while at 
the 15-minute level it is in the range of +12.3% and -15.6%, of 
the installed SPP capacity. Compared to the research results 
under [9], according to which the maximum power change on 
an hourly level is in the range of 18-25% of the installed 
capacity, it follows that the maximum power change of SPP in 
the Republic of Croatia is at the upper limit of the specified 
range. The paper additionally analysed the distribution of the 
power change for a hypothetical case according to which the 
installed SPP capacity in the previous period would have been 
13 times higher (increase from 54 to 698 MW), which would 
have made the installed SPP capacity roughly equal to the 
WPP capacity. Increased SPP capacity was made in simplified 
way where existing historical dana was linearly increased in all 
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Fig. 10.  Distribution of the power change intervals for the hypothetical case 
of a combination of WPP and SPP at the hourly level 
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Fig. 7. Distribution of fast WPP power change intervals within a day

It can be seen from Figure 7 that the fast increase in WPP 
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day (20:00 to 24:00), while the fast decrease in WPP power is most 
common in the morning hours (9:00 to 10:00). No analysis was per-
formed for other time levels and thresholds of power increase, but 
the authors assume that similar results would be obtained. Similar 
results are shown in paper [10] where fast wind power change in 
California, USA is analised.

Fig. 8. Distribution of SPP power change intervals at hourly level

Fig. 9. Distribution of SPP power change intervals at 15-minute level

Figures 8 and 9 show the distribution of all SPP power changes 
at hourly and 15-minute levels. The largest change in SPP power 
at the hourly level is +25.1% and -25.9%, while at the 15-minute 
level it is in the range of +12.3% and -15.6%, of the installed SPP 
capacity. Compared to the research results under [9], according to 
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have been 13 times higher (increase from 54 to 698 MW), which 
would have made the installed SPP capacity roughly equal to the 
WPP capacity. Increased SPP capacity was made in simplified way 
where existing historical dana was linearly increased in all hours.

 Figures 10 and 11 show the distribution of all power changes 

for the previously described hypothetical case at hourly and 15-mi-
nute levels.

Fig. 10. Distribution of the power change intervals for the hypothetical 
case of a combination of WPP and SPP at the hourly level

Fig. 11. Distribution of the power change intervals for the hypothetical 
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have been made, they are, as a rule, based on model data of 
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enabling easier planning of the necessary measures and 
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of RES in the Republic of Croatia. 
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duced by 17.56%, to 4.17% MAE. In the hourly power drop on 
the day of delivery, the error was reduced by 16.46%, from 4.85% 
to 4.05% MAE. With fast power changes (>10% of the installed 
capacity), significantly worse forecast quality was achieved, and 
an additional drop in forecast quality was noticeable with faster 
power changes. With faster power changes, a drop in the quality 
of forecast corrections on the day of delivery is also noticeable. 
In contrast to all hours, where the total forecast was improved by 
16.46% and 17.56%, significantly lower levels of forecast quality 
improvement were achieved with fast power changes. With extre-
me power changes, even worse quality of the WPP forecast was 
achieved in the intraday than was a day ahead. The reason for the 
worsening of the forecast in the intraday is that on the day of deli-
very the forecast is planned at least an hour in advance, which in 
the conditions of unstable weather resulting in fast power change 
can be considered a relatively long period for replanning WPP pro-
duction. If it were possible to plan closer to the delivery time and 
for shorter balancing periods, it would be possible to improve the 
quality of the WPP forecast in case of fast power change [11].

V. Application Of Results
This paper presents empirical data on the variability of WPP 

and SPP production at different time intervals, using the method of 
explicit derivation. Since the installed power of SPP is significantly 
smaller than the installed power of WPP in the Republic of Croatia, 
a hybrid system of WPP + SPP with equal shares was hypotheti-
cally set up based on real data. The goal of the mentioned hybrid 
system is to enable the analysis of the impact of the technological 
portfolio on the production of electrical energy, i.e. the hybridiza-
tion of production.

Although many studies on the possibility of integrating varia-
ble sources into the Croatian electric power system (EPS) have 
been made, they are, as a rule, based on model data of WPP (and 
SPP) operation. This work aims to contribute to the understanding 
of the characteristics of the operation of WPP and SPP, primarily 
their real variability based on the operation data of the power plants 
included in the ECO balance group. That would lead to facilitation 
of similar future analyses and enabling easier planning of the ne-
cessary measures and interventions in the system, with the aim of 
greater integration of RES in the Republic of Croatia.

VI. Conclusion
The analysis of the actual variations of production from the 

ECO balance group WPPs (on a representative sample of 712 MW, 
during about 3.5 years of analysed data), showed that the model 
assumptions that were used for the analysis of the necessary in-
terventions in the EPS were adequate and well evaluated. By the 
same token, these assumptions were somewhat conservative since 
the frequency of real power changes is somewhat lower than the 
modelled ones. Necessary interventions in the EPS were required 
due to the greater integration of variable energy sources (please 
refer to reference: [12], [13]).

The WPP and SPP operation performance shows the following 
characteristics of technology specific and whole portfolio power 
variability:

‒ expected hourly change of WPP power within the interval 
from -31% to +30% of installed WPP capacity, whereby 99% of 
hourly variations of WPP power are within the range of -13.8% to 
+14.8% of installed WPP capacity, while changes greater than ± 
10% of the installed capacity (fast changes in WPP power) can be 
expected in 3.5% of cases;

‒ expected hourly change of SPP power is within the interval 

from -26% to +26% of installed SPP capacity, with 99% of hourly 
variations of SPP power being within the interval of -20.4% to 
+20.7% of installed SPP capacity;

‒ the expected hourly change of a hypothetical hybrid system 
with similar shares of WPP + SPP is smaller, whereby 99% of the 
hourly power variations of such a system are within the interval 
from -12% to +11% of the installed WPP + SPP capacity.

Hourly variations of less than ±10% of installed capacity sho-
uld not be a problem from the production planning and system 
balancing point of view. However, hourly changes greater than 
±10% of the installed capacity (although relatively rare) represent 
a special challenge. From the point of view of the production fo-
recast, the error in the case of fast and intense power changes of 
more than ±10% is significantly higher and reaches about 15%. As 
the room for forecast improvement in small and moderate power 
changes is limited (the day-ahead error is about 5%, while the fo-
recast error for the day of delivery is close to 4%), future efforts in 
forecast improvement should be directed precisely in the direction 
of reducing the error in fast and intense change in power, both in 
terms of their intensity and in terms of the moment of their appe-
arance. In addition, it was shown that production planning, except 
in the case of extreme (and very rare) power changes, results in 
smaller production forecast errors. Therefore, planning closer to 
the actual delivery time and for shorter balancing periods, would 
lead to additional benefits for the system operator, who could plan 
the necessary engagements of the available regulatory measures 
with greater reliability.

The presented frequency of hourly power variations in case 
of system hybridization with an equal amount of WPP and SPP, 
suggests that for some future portfolio (i.e. 3000 MW of WPP 
and SPP by 2030), 99% of hourly production variations would be 
within the interval from -360 MW to +330 MW. When looking at 
15-minute power variations, empirical data shows that:

— the expected 15-min power change of the WPP is smaller than 
the expected hourly power change and ranges from -17% to +20% 
of the installed WPP capacity, with 99% of the 15-min variation of 
the WPP power within the range of -5.7% to +5.9% of installed 
WPP capacity, while changes greater than ±10% of installed capa-
city (fast 15-min changes of WPP power) can be expected in 0.11% 
of cases;

— the expected 15-min change in SPP power is smaller than the 
expected hourly power change and ranges from -16% to +13% of 
the installed SPP capacity, with 99% of the 15-min SPP power va-
riation within the range from -6.1% to +5.8% of installed SPP ca-
pacity while changes greater than ±10% of installed capacity (fast 
15-min changes of power SPP) can be expected in 0.018% of cases;

— the expected 15-min change of a hypothetical hybrid system 
with similar proportions of WPP + SPP is within the range of -10% 
to +10% of the installed WPP + SPP capacity, with 99% of the 15-
min power variation of such a system within the interval of -3.9 % 
to +3.8% of installed WPP + SPP capacity.

As can be seen, in 99% of cases at the 15-min level (at which 
the required secondary regulation in the system is usually esti-
mated), the production variability is significantly lower than the 
hourly one, especially in the case of hybridization of WPP and SPP 
production. However, still in extreme cases the variations can be 
very large. Therefore, such variations are very rare, and it is ju-
stified to think about the introduction of a production limitation 
measure for WPP and SPP in cases of threatened EPS security.

Additionally, WPP variability on 1-minute and 5-minute time 
interval. The use of high-frequency data provides a deeper under-
standing of WPP natural variability and performance [14]. High-
frequency data is also needed for minute-scale forecasting of WPP 
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that have application in wind turbine and wind farm control, power 
grid balancing and energy trading and ancillary services [15].

Finally, it should be noted – although it is not explicitly shown 
in this paper – that the spatial (geographical) diversification of 
WPP and SPP, including the construction of production facilities 
on in the continental part of the Republic of Croatia, has favorable 
effects on the variability of the entire portfolio of power plants. 
Since that geographical expansion would lead to different regimes 
of wind and solar radiation, there would be less simultaneity of 
production. Therefore, in planning the further development of va-
riable sources such as WPP and SPP, this feature should also be 
considered.
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