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Increasing penetration of renewable sources into Power System
in Poland

Abstract. Increased Penetration of the Polish Power Supply System by renewable sources (RES) leads to a number of serious and new problems.
The problems are associated with evacuating energy from producers (particularly visible for PV installations), change in the direction of power flow in
the lines of the transmission and distribution system, problems with balancing energy production in the system related to uncertainty production of
RES and a limitations in the possibility of control range of classic power plants. The current EU legislation leading to the increase of RES penetration
will cause a significant rise appearance of in these problems. In principle these problems are unsolvable without the use of effective and achievable
on a large scale methods and technologies of energy storage. The article estimates the generation level, generation variability and possible
shortages in wind energy production in Poland in the case of the expansion of wind farms into offshore farms on the Baltic Sea. Data used in paper
are based on some years of work inland RES in Poland available from PSE site. The idea is to adjust an operation of the power system to the basic
formula of energy production and consumption balance with the required stability margins. A simple algorithm for estimating the size of the energy
reserve necessary to stabilize the operation of the power system has been proposed. An important problem is also the assessment of the
"geographical premium" (location). Theoretically, with the growth of the analyzed RES production area, the stability of DER production should
increase since it become independent from purely local weather conditions.

Streszczenie. Wzrost Penetracji Polskiego Systemu Elektroenergetycznego przez zrédfa odnawialne (OZE) prowadzi do szeregu probleméw:
kiopotéw wyprowadzeniem energii od producentéw (szczegélnie widoczne dla instalacji PV), zmiana kierunku przeptywu mocy w liniach systemu
przesytowego i rozdzielczego, ktopoty z bilansowaniem systemu zwigzane z niepewnoscig produkcji OZE oraz ograniczeniem w mozliwosci regulacji
klasycznych elektrowni. Obecne prawodawstwo UE spowoduje znaczny wzrost tych probleméw, w zasadzie nierozwigzywalnych bez efektywnego
i olbrzymiego sktadowania energii w SEE. W artykule oszacowano poziom generacji, zmienno$¢ generacji oraz mozliwe niedobory w produkcji
energii wiatrowej (produkcja DER) w Polsce w przypadku rozbudowy farm wiatrowych na farmy morskie nad Battykiem. Ideg jest dostosowanie
pracy systemu elektroenergetycznego do podstawowego bilansu produkcji i zuzycia energii z wymaganymi marginesami stabilnosci.
Zaproponowano prosty algorytm szacowania wielkoSci rezerwy energii niezbednej do ustabilizowania pracy systemu elektroenergetycznego.
Istotnym problemem jest réwniez ocena ,premii geograficznej” (lokalizacji). Teoretycznie wraz ze wzrostem analizowanego obszaru powinna

wzrasta¢ stabilno$¢ produkcji DER (niezalezno$¢ od czysto lokalnych zjawisk pogodowych).

Elektroenergetycznego w Polsce)

(Rosngca penetracja OZE do Systemu
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Introduction

Until today, in power system, the energy needs by
system loads has to be met by energy production to obtain
constant frequency and voltages at system nodes. Of
course some changes of those quantities are possible, but
they are limited by system energy quality and stability
constraints standards. Figure 1 shows the structure of
production, usage and planned storage of energy in power
system in Poland.

In general, two power systems operations modes are
possible: one when system energy production and usage is
balanced and energy is delivered to all customers
constantly and uninterrupted according to the energy quality
standard and second operation mode where breaks and
disturbances in power delivery will be acceptable for less
demanding applications and customers. This means, that in
second case, customers has to be divided into ones where
delivery breaks are possible and to ones where brakeless
energy delivery is required. First group include mainly
housing estate and second one is mainly industry and loads
where continuous supply is required and customers such as
hospitals, road traffic, rail power supplies etc. Such
segregation of customers will be done on relatively low
voltage and it has to work similar to SCO (self-acting
frequency-dependent system unload who can disconnect
the certain groups of customers from a supply). Legal
regulations together with technical instructions still exist in
Poland and they are related to the situation energy
shortages at the turn of the 1970s and 1980s. Usually local
operators can disconnect certain medium voltage feeders
outgoing from high to medium voltage stations (in Poland is

called GPZ — main supply 110/15 kV stations) to balance
energy flow.

This modes of work of supply network should be
discussed by the inhabitants of a given area.

The second mode of power system work is quite
possible even now, when the supply from DER’s sources is
on relatively high level and due the weather conditions it
will rapidly decrease, and level supplied from basic power
stations and existing reserve will be too small or to slow to
balance system. Unfortunately, in the most of the analyses
of wind energy costs as for example in the works [1], [2] the
cost assessment ignores the cost of reserves and does not
consider the real variability of energy production in the area
[3]. The cost ocean, which in the case of grid connection
analysis is an acceptable simplification but in in the case of
the EEE stability analysis, no.

It should be mentioned that in this case when support
from neighbouring countries is possible (look at the failure
of the energy supply to system from the Betchatow power
plant - 3500MW (compare to about 18000MW produced by
whole coal using power plants). The breakdown lasted fiew
hours and do not influenced system work due to support
from power systems of neighbouring countries. Especially
small support was given by German power system where
large amount of energy is produced by DER

As we can see two concepts of system work are
possible and at the end, for both cases, the balance of the
supply system is achieved in different ways- by increasing
the energy production, or by decrease its load for a certain
time. The increase of energy delivery is usually done by
employing system reserves or by increasing energy import
from adjacent countries (if it is possible).
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Fig.1. Schematic of energy flow in polish power system with predicted extra energy storage for energy surplus from renewable sources.
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Fig.1. Typical windmill power characteristics - X axle wind speed, Y
axle relative (per unit) windmill power

The second mode of power system work include not
only increase of the production but also the decrease of
energy usage for a certain time needed to balance system.
The observation of power flow on the PSE (Polish System
Operator) internet site clearly shows large influence of
intersystem flows from neighbouring countries in Polish
system balance even during relatively calm times (small
changes in energy usage and production from conventional
power stations). Questions is if they will be enough to
create reserve for new installations of DER sources since
new massive investments at Baltic Sea.

Offshore windmills have different characteristics than
onshore ones - utilization rate up to 40% and more stable
production. Thus in principle, they require a separate
analysis and later a possible analysis of cooperation for
onshore and off shore cooperation. Analysing available
data, one has to think about windmills located onshore right
next to the sea - maybe some of their share resulted in the
formed used factor of 0.26 instead of 0.22-0.24 for windmills
located deep onshore what appears in several publications.

DER resources production data variability and Analysis
of wind and solar energy production for existing data
DER sources energy production depends not only on
weather conditions, but also on resources characteristics.
They are non- linear functions of wind speed for windmills
(figure.2) and also for solar modules the dependence of

energy production on solar radiation is highly non-linear.
Moreover solar panels do not work during the night and
windmills do not produce energy when wind speed is lower
than their starting point.

DER sources in Poland are mainly windmills and
photovoltaic panels. The available data to estimate
production of those sources and their dynamics are based
on:

Data from meteorological stations regarding wind and
solar operation. The data from those sources are generally
from inhabited areas inside landmass and are affected by
local conditions (wind and solar station location). This
happens especially in Poland where majority of DER
stations right now are located inland (urban conditions)and
they are separated from the location of meteorological
stations [4] To estimate DER production additionally one
has to include sources distribution and characteristics
(regardless of the meteorological data). The advantage of
these sources are long series of measurement data, but
unfortunately moderately useful in the light of the impact of
climate change [5].

New wave measurements based on satellite systems
data — available for every part of the globe as the
continuous measurements —for a certain areas which are
available due to satellite placement. The measurements
data are more area dependent and usually available for a
certain area and also these data can contain historical
information for a certain areas which are available. The
problems which are associated to DER usage are: Energy
production estimation is similar to shown in previous section
- this information is used in DER expansion planning,
production forecasting and modelling. The measurements
are available in [6].

Information from energy markets regarding present DER
energy production and maximisation of this production
according to European energy low. The information
delivered by the energy markets contained hidden data
about DER distribution at a certain area — in existing on-
shore locations, beneficial locations were already identified
and for average characteristics of DER optimal energy
production was calculated. This limits the expected changes
for those windmills locations. The EU legal situation is as
follows: each production of DER sources must be
purchased by the electricity system operator in accordance
with the provisions of EU law [7] [8]. This means that the

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 99 NR 9/2023 43



market data about DER generation in local power
subsystems should be very close to maximum temporary
energy production which depend on actual weather
conditions. When analysing the impact of the law on DER
sources energy production it is worth to compare the data
available from European operators [9], [10], and Californian
operators [11].

Analysis of electrical energy production by wind energy
at the area of Poland (PSE DATA)

The analysis of the energy production by windmills was
done on basic on available old PSE data from period of time
between 01.01.2013 to 12.31.2021. The choice of data was
dictated by relatively large power of windmills installed-
during this time it ranged from 3 to 7 GW (During this time
the windmills were installed only inland) The available data
about windmills production are shown in Figure 3. The
available interval of data is one hour for the time period
under consideration.
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Fig.2. Power delivered by windmills to Polish power system in
years 2014-2021 — x axis time in years, y axis — production of
power in GW; data with one hour interval
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Fig.4. Windmill power installed in Poland in GW during the years
(according [12] and [13]).

The figure shows the increase of windmill power
associated to the increase of yearly installed production
facilities. Thus, further analysis required data normalization
with respect to the power of installed windmills [12],[13].
Powers of installed windmills are available at monthly
intervals in figure 4. To normalize data windmill power
production during the month was divided by the number of
windmills installed and able to give power during this month.
The information about the normalized production
(coefficient of windmill power utilization), its variability and
degree of its usage are compared to maximum the power of
installed windmills what is shown in Figure 5.A.

It should be noted that the maximum possible
production of wind energy could be higher than in this
diagram since energy absorption by power system is limited
by the stability requirements or local power transmission
possibilities (overload of system elements). The legal

situation forces the consumption of all possible renewable
energy, so probably the minimum values and the slope of
the falling slopes are more error-prone than the values of
the maximum values and the slope of the rising slopes (the
value sought and estimated is rather the maximum possible
use of wind energy at a given moment).

Based on the energy production availability data, the
following data were also estimated: median (median value
from normalized values of function of windmills usage) -
0.2057; mean value -0.2652; effective value (RMS) -0.3388;
maximum value —0.9609; and minimum-0.0014; and the
production was averaged in annual intervals - the results
are presented in the Figure 6
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Fig.5. Normalized variation and utilization rate of production for
windmills in years 2014-2021 -X axis time years, y axis currently
obtained power in relation to installed power. Its cumulative
distribution function is shown in figure b)- X axis Value, Y axis
cumulative probability (probability that the value will be lower than
on the axle X)

Mathematic elements of the analysis

The averaging of energy production by windmills was
performed in yearly periods according to the following
algorithm:

X (1) +X(2)+...
m va=[*O* @)+ " 1/(365%24)
+ X (365*24)
@) Y(Z):[X(2)+ X3)+..+ X(365*24)+j/(365*24)
+X(365%24+1)
3) Y(}):(X(3)+X(4)+...+X(365*24)+ j/(365*24)
+ X(365%24 +1) ++X (365%24 +2)

The analogic times intervals were used when the
median values were calculated — they and shown in figure
6.

Visible not too large fluctuations in the average usage in
each calculation period can be justified by opening a new
wind farm with a slightly higher or lower (than the average
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for the system) average utilization of windmills related to
better location or better use of turbines which adaptation to
local conditions are improved or the influence of cyclical or
cyclical quasi climatic oscillations with a period of
phenomenon different from one year (like for example EL-
NINO).

1 2 3 4 5 6
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Fig.6. Mean value (blue) and median one(red) of the coefficient of
windmill power utilization in wind farms connected to the Polish
power system, averaged over an annual moving range. X axis
beginnings of averaging interval (hour from the beginning of the
measurement series), Y axis mean (blue line) value and median
value (red line).

It should be recalled that due to the non-linear
characteristics of the windmill shown in Fig.2 small changes
in wind speed can translate into significant changes in
energy generation. This fact influences median that way
that it is smaller than average value (widely dispersed
values of energy production) [fig. 6].

Analyzing Figures 5 and 6, it should be noted that wind

generation in Poland is characterized by a low coefficient of
windmill power utilization thus the median value (i.e. the
value for which 50% of samples are of lower value) falls to
the levels of 0.16 to 0.24 and are interrupted by (relatively
short) episodes of large energy production. The generation
value during these episodes raises the average value from
0.22t0 0.3.
The second important parameter allowing to determine the
level of 'stress' (need for use reserves or local blackout for
power system balance) of electrical power system related to
the operation of DER is the speed of energy production
changes.

The analysis was performed according to the formula:

@  YD)=X2)-XD
6  Y(2)=XB)-X(2)
® Y3 =X#H-XO3)

The results are presented in the figure 7 and were
calculated in order to capture possible correlations between
the volume of production and the size and speed of
changes. No regularity was found. In order to confirm the
analysis, a comparison of the relative variability of
production to production value was compared (fig 8). Again,
no other regularities were found.

Analysis of production charts and production variation
charts indicates that wind energy production can possess
very high dynamics and be highly dependent on weather
conditions. As the penetration of these types of sources in
the system structure increases, the amount of "stress"
generated by them in power system will increase. It is
especially related to the need to fast replacement. For
example, if 10% -20% of the power generated by DER has
to be replaced by other sources, not only it requires fast
increase of the energy production in fully controllable power

stations or reserve but also can introduce limitations of
demand (by use local blackout or spinning blackout). The
probability of the DER power change can be estimated on
the basis of the figure 7b.
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Fig.7. Absolute variability of the windmills production with respect to
actual power (a) and its cumulative distribution function (b)

The scope of the analyzes of the impact of variability of
wind energy generation on the operation of EPS covers the
current situation (as in the paper [14]). However it is
assumed that the lack of energy from these sources does
not lead to serious disturbances in the operation of EPS
what does not have to be true during high content of
renewable resources in EPS energy production balance. It
is worth to note that a high level of ‘stress’ will be
associated with a situation, where a large energy production
change occurs with high DER generation. In this situation
the level of power system reserves may turn out to be
insufficient. Due to the increase in DER generation,
conventional generation consequently decreases and its
possible reserves become limited. Thus, as installed power
of DER grow, the probability of using SCO increases. An
increase of DER power may also entail an increase in non-
used energy - an increase in production or the speed of
growth will not allow it to be used or stored for future use. At
this point, the shape of the distribution function (symmetric
with respect to 0) proves that the power system has no
problems with absorbing this energy (assuming that the
magnitude of the coal based generation change). Assuming
that probability of wind change is similar in both directions
(figure 7b)- we do not observe a cut in the upper part
distribution associated with possible limitations of the power
absorption by system, but so far as seen in the figure 7b the
expected biggest change in generation has not exceeded
1.4 GW (20% installed windmill power) in absolute
numbers.

The probability of using SCO (frequency load limiter) is
also a function of the amount of windmills power installed,
electricity production technologies used, existing power
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system reserves and the time horizon in which we are able
to predict a certain event and time length of this event what
depends on the weather prediction.
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Fig.8. The relationship between the current power of the windmill
and its change (X axis power in a given hour and Y axis change in
a given hour) during whole year

There are many studies analyzing the production from
DER in various timescales and geographical wind statistics
[15 - 20]. They are usually assessing the production
variability [21] and the possibility of its prediction [22-28],
however there are no studies on the impact of DER
generation instability on work EPS as a whole with a
significant share of these sources (in the EU up to 40% of
energy is generated from DER). Therefore, an attempt was
made to assess the possible “stress” generated by
windmills in the Polish SEE without cross-border

cooperation.
Table 1. Energy shortage caused by changes in windmills
production
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5 1082 | 10,7% 6,69 4 0,138 | 0,057 | 2,71
10 | 1549 | 254% 11,5 7 0,505 | 0,214 | 6,64
15 1603 | 38,3% 16,8 9 1,18 | 0,404 | 17,0
20 1555 | 48,9% 22,0 1 221 | 0,715 | 291
25 1424 | 58,2% 28,6 14 3,74 | 1,045 | 654
35 1057 | 71,8% 47,6 20 9,38 | 2,466 160
50 647 84,6% 91,7 34 281 | 6308 | 540

In order to capture the parameters of the "stress" and
possibility of power system response to it (voltage
unbalance, frequency changes, power shortage, change in
power distribution, required reserves energy and total
power in system) and related to cooperation with windmills,
several analyzes were performed for arbitrarily selected
levels of windmills utilization - 5%, 10%, 15%, 20% and

50%. Even for level of utilization lower than 5% the cases
of shortage of production longer than 24 hours are quite
common. Thus, the disregard of daily variability and
choosing average daily demand do not introduce large
errors during analysis.

The table (1) below indicates the values of changes of
energy as production of windmills deceases for a certain
level of windmills productions, certain time lengths of
events, median time of the event, relative mean energy of
the scarcity, median of the relative energy scarcity and
maximum relative energy shortage.

Discussion of analysis of the results

The above-mentioned distribution factors (Table 2)
together with the knowledge of the dependence of the
power system on wind energy allow to easily estimate what
event we are prepared to (and probability with which this
event can occur) . Analyses shown in Table 2 show also
what is the level of energy reserves that should be
concerned in order to prepare for a certain event with
probability X. Such analyzes will undoubtedly be needed in
the future for connection with the EU-promoted policy of
increasing DER share (at this point the addiction is 0, ie in
SEE SCO automation is not wused, even when the
generation from wind is 0).

We propose, in principle, 2 coefficients which describe
the dependence of power system on wind generation. Both
are connected to the coefficients of windmills utilization.
First one tells - what percentage of windmill power has to
beproduced so SCO is not used in power system (without
the use of stored energy) and the second one describe
situation where power system works only to supply the most
important loads (hospitals, traffic lights, telecommunication
and industry which requires continuous supply)

It is also worth recalling the catastrophic events in
Texas at the beginning of 2021 [29-32] related to the
underestimation of the duration of extreme weather events
and the emergence of a new factor that could lead to a
blackout.

It should also be noted that regardless of our ability to
predict the weather (energy production from windmills),
reserves for the time when the energy generation by
windmills has to be limited, must always be available , in
one form or another. As DER penetration in the system
increases, the scope of system balancing by thermal power
plants will decrease. Thus, the investments in high dynamic
power plants or energy storage are needed.

The shape formed in figure 8 is extremely important for
future analyzes, especially in the area of the lower right
corner - the highest energy production by windmills (i.e. the
smallest cushion in thermal power plants and the greatest
variability in others) in the case of unexpected weather
event either it needs to be covered by high dynamic energy
sources or SCO should be utilized.

Conclusion

The analysis done using figures 5 and 6 shows that
onshore wind energy production in Poland is characterized
by low level of basic production (median much lower than
medium values) what indicates that we have frequent
episodes of very low and high production. The shape in
figure 6 shows this instability of the windmills energy
generation. Even considering yearly periods we can
observe high levels of variability of windmills energy
production. This requires further analysis, especially when
further windmills will be located also onshore and offshore
in the Baltic sea.
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Table 2. Cumulative distribution functions of energy shortage and time period of the event. Range — arbitral level of windmill usage below
with power system experiences energy shortage, axes at (A) column — X axle: energy shortage [h x installed windmill power], Y axle:
probability of events for which the lack of energy was greater than the value determined on the X axis; axes at (B) column — X axle: time
period of event in hours, Y axle: probability that the time length of a certain event is shorter than x value.
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Thus, the new data sets dependent on DER penetration
in the power system will be different what force new
approach to their analyses:

e The necessary level of basic energy production or
reserve to keep system stability during the windmill
production variability (with a certain probability)

e For a given basic production (fully controllable power
stations) what production of windmills is necessary to keep
a certain state of work of power supply system

e What is the probability of the event for which the
operator want to prepare to be able to neutralize its
influence on power system stability

e What amount of energy is necessary during the
generation shortage by windmills (which happens with a
certain probability) and what data are required to calculate
reserves of stored energy or fuel necessary to cover energy
needs if shortage event happens. All these calculations
should be performed for the situation when will be no
possibility of the restoration of energy reserves and fuel
(second event just after first one)

Nowadays, not only the influence of DER sources
production on energy price is visible but as the DER
sources penetration in power system will grow, the limitation
of energy availability from these types of sources become
visible This can cause SCO (disconnection of a certain
users) usage during severe energy shortages.

Takin under consideration analysis performed for
Poland area we suggest to do similar analysis foe larger
and varied terrain covering different areas in EU (UCPTE
area). It is very unusual that there is no any attempts to
cover all EU terrain (including off-shore locations) by
analysis similar to performed in this paper especially in the
case when penetration of DER sources is forced by EU
officials.

In the available literature, one can also observe a
strange indifference of the electrician community towards
the problems of power system stability and unpredictability
of RES generation. This problem was referred to in the
works[33-39] and the amount of reserves needed for
efficient balancing of the power system [40-42] in the
articles  published at that time in Przeglad
Elektrotechniczny. The problems raised in the article may
have an impact on the functioning of the economy and
society - so far we have functioned in conditions of
widespread availability of electricity and the only possible
problem was its price. As the penetration of DER in the
power system increases and with the expected
development of energy storage technologies, a reduction in
the reliability of supplies should be taken into account.

The motivation for the creation of this work was to check
how large energy storage facilities should exist in Poland
when switching to renewable energy.
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