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Abstract: With the increasing share of renewable sources in the energy mix, there is a need to balance
energy production from weather-dependent sources, such as wind turbines and photovoltaics. This
is also a current global trend associated with climate policy. In Poland, there has been a significant
increase in energy production from renewable sources, leading to a duck curve phenomenon mainly
in the case of photovoltaics, which requires balancing this production through various measures. One
possible way to achieve this is energy storage installation. This article identifies the need for energy
storage to ensure the stability of electricity production from low-flexibility sources like coal-based
power plants. For this purpose, a methodology has been developed to determine the daily minimum
energy storage capacities which would also allow for the integration of other stable (though less
flexible) energy sources, such as nuclear power. In the case of Poland, energy storage has been
estimated to require, as a median value, approximately 6 GWh of additional storage capacity, which
is equivalent to twice the planned capacity of the Młoty Pumped Storage Power Plant.

Keywords: PSH; energy storage; Poland; intermittent energy source; RES; nuclear power; fuel saver
sources; duck curve; energy transition; photovoltaic; wind turbine

1. Introduction

In recent times, Poland has experienced a dynamic increase in the installed capacity
of renewable energy sources, especially in photovoltaics [1–3], along with changes in
the profile of electricity demand [4,5], also caused by the pandemic and post-pandemic
situation [6,7]. The year-on-year growth in energy production from unstable sources
such as wind and PV is depicted in Figure 1. There is also a decrease in the demand
for energy production from fossil fuel sources due to the implementation of fuel-saving
sources in Poland in the last 2–3 years, primarily photovoltaics [8,9]. At the same time,
local community energy based on energy virtualization [10] and energy communities [11]
is developing strongly. In the literature, more and more research is being conducted on
the energy transformation of Poland, whose energy profile is changing [8] due to the
search for alternatives to emission-intensive mining [12,13]. Renewable sources such as
photovoltaics [3,14] and partly hydrogen energy [15–18] are becoming more and more
popular [19]. Another promising direction is energy storage [20,21].
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Figure 1. Monthly electricity production  from wind  turbines and photovoltaics  in Poland 2020–

April 2023. Source: own study based on [22]. 
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Figure 1. Monthly electricity production from wind turbines and photovoltaics in Poland 2020–April
2023. Source: own study based on [22].

The maximum monthly energy production values (year-scale) from wind turbines
between 2020 and 2023 ranged from 2100 to 2650 GWh and occurred during winter months,
whereas the maximum monthly energy production values from photovoltaics increased
from less than 300 GWh/month in 2020 to around 1300 GWh/month in 2022 (July). With
the growing installed capacity, it is estimated that these values will be higher in 2023
and subsequent years. However, especially on weekends, significant surplus energy is
generated from photovoltaics or wind sources [7,23,24]. As a result, there is a need to
manage the surplus electricity generation from renewable energy sources [25,26].

The consequence of increasing photovoltaic energy production is the emergence of a
phenomenon called the duck curve [27]. An analysis of the impact of the duck curve in
Poland was conducted by Olczak et al. [28], although the analysis focused on the initial
phase of installed capacity development in photovoltaics. Some methods to mitigate the
duck curve include designated energy zones [29,30], demand-side response [31], and the
use of dynamic electricity tariffs, which can help reduce imbalances in electricity production
from base load power sources in the power system [32]. This is particularly important in
the context of plans for constructing a nuclear power plant in Poland [33], which will have
low controllability.

An alternative to energy storage comes in the form of making conventional power plants
more flexible [34,35], but most Polish power plants are old (more than 30 years of age).

Thus far, there has been no analysis on the magnitude and potential contribution of
energy storage systems in decreasing the production of energy from stable sources (with
low flexibility), such as fossil fuels (mainly hard coal and lignite in Poland [8,36,37]). The
main novelty of this article is the development of a methodology for determining the energy
storage needs at the national/country level to balance the unevenness in energy production
from renewable sources, considering the variability in energy demand and the existing
mechanisms of market balancing through pumped hydro storage power plants. This article
is structured as follows: Section 2 describes the materials and methods, Sections 3 and 4
summarize the results and discussion, and finally, Section 5 provides the conclusions.

2. Materials and Methods

The calculation methods used in this study were intended to demonstrate the needs
for energy storage at the scale of the entire energy system in Poland. The data for the
analysis were obtained from January to May 2023 from the PSE website [22,38] in the
following format:

• Hourly gross energy generation (GEG), in GWh;
• Hourly energy production from coal sources: coal energy generation (CEG), in GWh;
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• Hourly energy production from wind sources: wind energy generation (WEG),
in GWh;

• Hourly energy production from photovoltaic sources: photovoltaic energy generation
(PVEG), in GWh.

For each day of the year, the differences (in terms of range and deviations) in the
production of energy from low-flexibility sources, namely hard coal and lignite, were
determined. The obtained data consider the influence of the entire market, including the
balance with existing pumped storage power plants. To do so, the following calculations
were performed: determining the average daily production values and deviations, and
then estimating the energy storage capacity based on them.

The average amount of energy produced from hard coal and lignite sources on a daily
scale was determined using the following formula:

mCEG(day) = ∑τ CEG(day, τ)

24
(1)

where

mCEG: daily mean hourly values of hard coal and lignite electricity production and coal
energy generation, in GWh;
CEG: hourly value of coal energy generation—data retrieved from PSE website [38], in
GWh;
day: day in the year 2023,
τ: hour of the day: 1. . .24.

The average amount of energy produced from all sources daily was determined using
the following formula:

mGEG(day) = ∑τ GEG(day, τ)

24
(2)

where

mGEG: daily mean hourly values of total electricity production: gross energy generation,
in GWh;
GEG: hourly value of total electricity production (gross energy generation)—data retrieved
from PSE website, in GWh.

Then, the differences in the hourly value in relation to the average value in the
generation of energy from sources powered by hard coal and lignite (Equation (3)) and
between individual days (Equation (4)) were determined:

dmCEG(day, τ) = mCEG(day)− CEG(day, τ) (3)

where dmCEG: difference between mean at the daily scale and hourly values of coal energy
generation, in GWh.

ddmCEG(day) = mCEG(day)−mCEG(day− 1) i f day > 1 (4)

where ddmCEG: daily difference between mean CEG values (mCEG), in GWh.
The daily value of the hourly production from hard coal and lignite sources was

determined using the following formula:

rCEG(day) = max(CEG(day, τ))−min(CEG(day, τ)) (5)

where rCEG: range of daily maximum and minimum values of CEG, in GWh.
On the other hand, the daily value of the hourly range of production from hard coal

and lignite sources as a percentage was determined using the following formula:

prCEG(day) =
max(CEG(day, τ))

min(CEG(day, τ))
× 100% (6)
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where prCEG: percentage range of daily maximum and minimum values of CEG, in GWh.
Half of the daily sum of the absolute values from dmCEG determined using Equation

(3) is the size of the storage facility required to allow a constant value of energy production
from hard coal and lignite sources in one day.

CNS(day) = ∑τ

|d mCEG(day, τ)|
2

(7)

where CNS: capacity (energy storage) needed to reach daily stabilization, in GWh.
The above methodology does not take into account the flexibility of coal or nuclear

energy sources on an hourly basis. Therefore, the corrected CNS value (CNSp) is calculated
below, considering the possibility of elasticity in energy production, as indicated by the d%
value, which enables calculation according to the following two formulas. The following is
a simulation of the hourly flexibility of coal or nuclear power plants.

dmCEGp(day, τ, d%) =


mCEG(day)× (1− d%)− CEG(day, τ) i f CEG(day, τ) < mCEG(day)× (1− d%)
CEG(day, τ)−mCEG(day)× (1 + d%) i f CEG(day, τ) > mCEG(day)× (1 + d%)

0 i f others
(8)

where
dmCEGp: difference between mean and hourly values at the daily scale (energy

storage) assuming different percentages of elasticity (hourly values of deviations from the
daily mean value) d%, in GWh.

d%: we assume different percentages of elasticity (hourly values of deviations from
the daily mean value) typically range from 0% to 10%.

CNSp(day, d%) = ∑τ

dmCEGp(day, τ, d%)

2
(9)

where CNSp: capacity (energy storage) needed to reach daily stabilization considering the
possibility of percentage differences, in GWh.

3. Results

Based on Equation (1), the average daily hourly values of energy production were
determined, as shown in Figure 2a. On the basis of Equation (3), the differences between
the daily average ddmCEG were determined; see Figure 2b.
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2 January 2023–14 May 2023. Source: own study.
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The influence of the holiday period in the first week of 2023 is noticeable, and the
electricity production values were noticeably lower in April and May compared to January
and February. It is also obvious that production was significantly lower on weekends. It
follows that the greatest differences in the day-to-day comparative scale in the positive
values are observable on Mondays (Figure 2b), and the greatest differences in the negative
values on Saturdays. This is due to the general differences in energy demand on workdays
and weekend days.

The values on a daily scale (mainly based on Equations (1), (2), (5), and (6)) are
summarized on the time axis, and the results are presented in Figure 3.
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Figure 3. Summary of data on average daily hourly values of energy production (GWh per h), Poland,
1 January 2023–14 May 2023. Source: own study.

The mCEG values presented in Figure 2a are shown in Figure 3 in the form of a
time series against the background of the mean gross electricity generation (mGEG) and
the maximum differences between the minimum and maximum values of hourly energy
production, from approx. 2 GWh to approx. 8 GWh. This range indicates the need for
additional capacity for daily balancing in the range of 2 to 8 GW in balancing sources
(flexible, e.g., gas-fired [39] or energy storage). This is not a problem, but the higher the
value and more frequent the changes, the higher the failure rate of the electricity generation
infrastructure and the lower the efficiency. The largest difference in the power needed to
achieve balance, expressed as a percentage, is approx. 80% in relation to the minimum
daily production (power demand). This need for flexibility resulted in the creation of a
capacity market in Poland [40,41].

The most favorable day was the one with the smallest total deviations from the average
value of energy production—1 January 2023 (Figure 4).

On the other hand, the most unfavorable day in 2023 (for the functioning of stable
energy sources) was February 21 (Figure 5) due to the occurrence of an evening peak and a
more than twofold decrease in the amount of energy generated by wind turbines in the
evening compared to around noon.
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Figure 4. Average daily hourly values and hourly values of electricity production from coal (CEG)
and wind (WEG) sources (GWh per h); deviations in production values from the average daily value
with an acceptable deviation of 5% (dmCEG(5%)). Poland, 1 January 2023. Source: own study.
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Figure 5. Average daily hourly values and hourly values of electricity production from coal (CEG)
and wind (WEG) sources (GWh per h); deviations in production values from the average daily value
with an acceptable deviation of 5% (dmCEG(5%)). Data for the day with the highest storage capacity
requirement, corresponding to the most unfavorable conditions. Poland, 21 February 2023. Source:
own study.

On 21 February 2023, the production of energy from hard coal and lignite sources
increased from about 8 GWh to about 15.5 GWh. An energy storage with a capacity of
approximately 20 GWh would allow for a constant hourly energy production of 11.4 GWh.
In this case, before 6 am and between 10 a.m. and 2 p.m., the energy storage battery would
be charged and discharged from 4 p.m., with a maximum peak at 8 p.m.

Figure 6 shows the calculation results for a day with a high share of energy production
from photovoltaics. In this case, between 9 am and 3 p.m., the energy storage battery was
charged and discharged from 6 p.m., with a maximum peak at 8 p.m. The battery was
charged up to a maximum of 2.1 GWh at 11 a.m. when the PVEG value was higher than
7 GWh.
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Figure 6. Average daily hourly values and hourly values of electricity production from coal (CEG),
wind (WEG), and photovoltaic (PVEG) sources (GWh per h); deviations in production values from
the average daily value with an acceptable deviation of 5% (dmCEG(5%)). Data for a day with a high
value of PV energy production (61 GWh/day). Poland, 13/05/2023. Source: own study.

The cumulative amount of energy required for storage (CNS) to achieve consistent
daily energy production levels is presented in Figure 7. Additionally, the daily energy
production from photovoltaic systems (PVEG) and wind turbines (WEG) is shown.
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Figure 7. Capacity needed to stabilize electricity production in 2023 as well as photovoltaic energy,
PVEG, and wind turbine energy, WEG, in Poland, 1 January 2023—14 May 2023. Source: own study.

In the first 80 days of 2023, higher energy production from wind turbines was notice-
able, which was associated with higher CNS values than the following days. The high value
of CNS (>6 GWh) was caused by a high WEG value (>70 GWh/day) or high PVEG value
(>50 GWh/day). An analysis of the graph (Figure 7) shows the low impact of photovoltaic
sources on high CNS values so far. CNS values, sorted from highest to lowest, are shown in
Figure 8.
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Figure 8. Capacity needed to stabilize electricity production (by capacity) sorted by day in Poland,
1 January 2023–14 May 2023. Source: own study.

The maximum capacity of the storage facilities needed to stabilize the energy was over
20 GWh (to cover the most unfavorable day differences in CEG). The median was 6.5 GWh,
and the smallest value was 1.17 GWh. For more than 20% of the days, the requirements of
the stabilization process exceeded 10 GWh of daily storage capacity.

4. Discussion

The conducted analysis pertains to the current (2023) installed power capacities in
Poland. However, there are plans in Poland to increase power capacities, especially in
the field of photovoltaics and wind turbines, such as those on offshore installations. The
noticeably higher impact of wind turbines on the need to increase energy storage capacity
may be intensified by the installation of offshore wind turbines [42,43].

Proposed directions for further work are as follows:

• Instead of examining the deviations from the daily average value, study the deviations
from a given function, such as a regression function.

• Study different levels of installed capacity for weather-dependent sources, such as
wind capacity +50%, PV capacity +50%, and conduct sensitivity analyses [44].

• Investigate the flexibility of fossil fuels and nuclear power sources, including both
hourly flexibility and deviations from the desired power level.

• Apply a different energy production stabilization strategy on Mondays and Satur-
days due to these days having the largest value fluctuations on a day-to-day basis
(Figure 2b).

• Compare obtained results with results in other countries and determination, based on
the developed methodology, of changes in the needs of energy storage in recent years.

• Develop a new method for the quantification of the contribution of energy storage to
security of supply [45], based on an Indian case study [46].

• Determine the influence of energy demand control on energy storage needs [47].

Other authors have found that the stability of an electricity service mainly depends
on two main factors: power plant capacity and possible/real value of electricity im-
ports [48]. Rokicki et al. conducted a study on changes in energy consumption and
also energy intensity in all EU countries, finding they had an influence on the need for
storage capacity [49,50].

Possible benefiters of the obtained results are as follows:

• Government parties, when determining changes to plans in the field of energy, such
as the Polish Energy Policy 2040 [51].

• Investors (of energy storage), when determining the demand for energy storage on
the scale of the entire energy system.
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• Investors (of renewable energy sources), when energy storage needs in relation to
the potential daily value of energy source productivity results in the possibility of
exporting energy to the grid and a potential range of electricity prices.

• Investors (of a coal power plant or nuclear power plant), when specifying the size of
fluctuations in the daily demand for energy from these types of sources together with
the existing energy storage facilities. This affects, e.g., the possibility of equal energy
production on a daily basis and the price range for the sold (produced) energy.

• Users, for example, households and consumers of electricity; the greater the demand
for energy storage, the greater the potential differences in electricity prices for con-
sumers (e.g., on an hourly basis).

5. Conclusions

This article presents an approach to mitigating the adverse effects of unstable, weather-
dependent energy sources on the operation of traditional coal or nuclear power plants
(planned in Poland). These stable or baseload electricity sources should not be disconnected
and connected to the national grid hourly, but they can be connected and disconnected, for
example, once per week, to stabilize their operation (and increase their lifetime) and avoid
the costs and barriers associated with frequent shutdowns and startups of power plants.

This analysis aimed to demonstrate the required quantities of energy storage on
specific days. The median storage capacity needed was approximately 6.5 GWh. The
calculations focused on the year 2023, considering the relatively low share of renewable
energy sources, particularly photovoltaics, in previous years up to 2022. Hourly energy
production data served as the basis for the analysis, and a methodology for determining
daily energy storage requirements was developed. This methodology will be useful in
determining the expansion needs of energy storage systems.

One limitation of this research was that we only analyzed daily fluctuations in energy
production values, and a significant increase in installed capacity (especially renewable
energy) may lead to medium-term energy storage requirements. In addition, changes in
the average demand for energy on a daily basis may be balanced by switching the units
of traditional power plants on or off or with planned shutdowns of these power plants.
High differences (above 48 GWh/day) between the average daily energy production values
occur on the border between working days and weekends.
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