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Analysis of annual load variability in the Polish electric power
system

Streszczenie. W referacie przedstawiono analize poréwnawczg rocznej zmienno$ci obcigzenn systemu elektroenergetycznego w Polsce na
przestrzeni 15 lat. Wyznaczone zostaty podstawowe wskazniki okre$lajgce zmiennoS$c¢ obcigzen. Celem badan byto ustalenie, czy wartosci
wskaznikéw okre$lajgcych zmienno$c¢ obcigzenia systemu elektroenergetycznego oraz wynikajgce z nich modele sg nadal aktualne. Zmiana
struktury odbiorcéw energii elektrycznej stosowanych w gospodarstwach domowych i przemysle pozwala stwierdzi¢, ze wielokrotnie powtarzane w
literaturze modele zmienno$ci obcigzenia systemy elektroenergetycznego sg nieaktualne. Wykorzystujgc teorie ekonometrii opracowano modele
ekonometryczne i prognozowanie stopnia obcigazenia podstawowego m,, oraz stopnia réwnomiernosci szczytéw miesiecznych o, . Analiza
przeprowadzona zostata na podstawie danych PSE S.A., Gtéwnego Urzedu Statystycznego oraz Agencji Rynku Energii.

Abstract: The paper presents an analysis of the annual variability of power system loads in Poland over a period of 15 years. Basic indicators
determining load variability were determined. The purpose of the research was to determine whether the values of indicators determining the
variability of load on the power system and the resulting models are still valid. The change in the structure of electrical consumers used in
households and in industry makes it possible to state that the models of load variability of the power system, reproduced many times in the literature,
are out of date. Econometric modeling and forecasting of the base load degree my, and the degree of uniformity of monthly peaks o, were
described. The analysis was based on data from the Polish Power Grids Company, Statistics Poland and the Energy Market Agency. (Analiza

rocznej zmiennosci obcigzen w polskim systemie elektroenergetycznym).
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Introduction

The power demanded by electric power consumers
changes over time. Load changes in electric power systems
are dictated by current demand and can be regular or
accidental. Their nature is primarily influenced by the load
of the main electricity consumer, i.e. the industry, and the
following factors: changes of seasons, daily life cycle of
people, habits of the population (in the case of regular
changes), external temperature, cloudiness, disruptions in
the system, etc. (in case of irregular changes) [3, 8].

Load variability is an important feature that affects the
economic dependence in the energy sector. A distinction is
made between daily, weekly, annual and multiannual
variability. These variabilities overlap, but usually each of
them is considered separately [8].

The annual variability of loads is primarily influenced by
the seasonality of energy consumption by consumers and
the change in the structure of conversion of electricity to
other forms of energy, such as lighting, heating, or cooling,
which has become more and more popular in recent years,
etc. [8].

Daily loads of different groups of consumers indicate a
characteristic variability. The loads of residential consumers
exhibit strong daily cyclicality and seasonal changes in the
occurrence of the highest loads caused primarily by
switching on of lighting and heating receivers [2].

The second group of customers, from the point of view
of load curves, is the industry with small variations in power
output depending on the season and large variations on
working days and holidays. The third group consists of sea-
sonal loads, such as agriculture, sugar factories, etc. [2, 8]

An analysis of the variability of the load during the year
is important in order to cover that load. Currently, there is a
large diversification of electricity generation sources (apart
from conventional power plants, there are also wind
turbines and solar farms). The amount of energy produced
by unconventional power plants is highly dependent on
weather conditions and seasons. The strongest winds in
Poland occur from November through March, while solar
power plants reach their highest efficiency in summer, when
the solar irradiance is the highest [15].

In this article, the authors present the results of an
analysis of the variability of annual loads that occurred in
the country during the last 15 years. The article shows that
there is a strong correlation between the value of the
indicator characterizing the annual load variability and
electrical equipment of consumers. The greater the diversity
of the devices in operation, the greater the uniformity of the
loads over the year. An attempt has also been made to
create econometric models of the basic load degree my,
(minimum/maximum annual load value ratio) and the
degree of uniformity of monthly peaks o , based on
variables such as percentage values of equipment of
household with various home electronics and appliances.
Empirical data come from the yearbooks of the Central
Statistical Office [13] and the Energy Market Agency [1] and
concern the consumption of electric power in the country
and the equipment of the residents with household
appliances. Data on loads that occurred in the domestic
power system is available on the website of Polish Power

Grids Company [15].
Knowledge of parameters illustrating the variability of
power loads enables to identify untypical states,

disturbances, recognition of the nature of a given
phenomenon occurring in the grid and construction of an
optimal forecast model [2].

The issue of load volatility is very important especially in
the context of balancing conventional and renewable
energy [4,7, 9, 12, 17].

Annual load variability

The annual variability of loads is influenced by the
seasonality of power consumption by some consumers,
such as the building materials industry, agriculture, food
industry (processing plants, sugar factories), etc. Weather
conditions are also of key importance. In winter, most duties
require the lighting to be switched on. Due to hot summers,
the load is also significant in this period due to the growing
number of air-conditioned properties [1, 8].

The annual load variability can be represented by
characteristic indicators such as the degree of load, exploit
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and equalization, as well as calendar, ordered and integral
graphs [8].

The basic values characterizing the annual variability of
loads of both the electric power system and individual
consumers are as follows: annual energy A, peak power
P, average power P, base load power P, annual peak
power usage time T, average annual degree of load m,
degree of equalization of the base load I, degree of basic
load my,, peak equalization degree /s, degree of uniformity
of the monthly peaks a”,. These indicators are determined
from the relation [2, 3, 8]
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where: T, — average duration of the year (8760 h), P, —
peak power of the j-th month.

Table 1 presents the values of the designated
coefficients for individual years being analyzed, while
Figures 1 to 4 present selected charts thereof.

The annual load variation can also be presented in the
form of monthly energy consumption. Figure 5 shows
annual load schedules of the electric power system. Energy
consumption continued to increase until 2018. However,
after 2018, energy consumption decreased.

When analyzing the chart in Figure 5. it can be
concluded that the electrical load is closely related to the
season of the year. The load in winter is higher than in
summer. In 2020, electricity consumption in December (the
winter month with the highest energy consumption) was
15% higher than the electricity consumption in August (the
summer month with the highest energy consumption).

significantly in recent years. In the first year of observation,
the difference between the load during summer and winter
was greater (22% of the difference) than after fifteen years,
i.e. the last year of observation (15% of the difference). The
differences in the load of the electric power grid are mainly
due to the need to use lighting during the winter months.
The fact that the number of electrical equipment we use has
increased significantly over the last fifteen years may,
however, have an impact on the equalization of loads.
Today, almost every household is equipped with electrical
appliances and gadgets that are used equally throughout
the year. In addition, due to the occurrence of very high
temperatures during summer, in recent years more and
more private individuals and companies have decided to
equip their houses and premises with air conditioners. Due
to the increasing gasification of the country and access to
modern and efficient boilers, fewer and fewer households
use electricity for heating purposes in winter. Thermal
renovations of buildings that reduce the demand for heat,
including that generated by electricity, are also becoming
more and more common. An important aspect is also the
widespread replacement of energy-intensive light sources
(such as incandescent lamps, sodium or mercury lamps) by
energy-efficient light sources (such as LED or compact
fluorescent lamps). This reduces power consumption,
especially in autumn and winter.

Table 2 and figure 6 show an increase in household
equipment with some electrical appliances. Today almost
every consumer owns a mobile phone and a washing
machine. There has also been a significant increase in the
number of households equipped with dishwashers (from a
few percent in 2006 to almost 40 percent in 2018)
microwave ovens and computers (from around 40 percent
at the beginning of the observation period to over 60
percent in the last year of observation). The chart in Figure
7 also shows the growing consumerism of our society which
is increasing the energy consumption of households.
Undoubtedly automation has also entered our homes and
increasingly technologically advanced equipment is helping
us to fulfill our daily chores. At present there are no
statistics concerning the equipment of the inhabitants with
commonly used gadgets and equipment such as game
consoles, tablets, smart watches, music players, electric
toothbrushes, slicers, multifunctional food processors,
electric induction hobs, air purifiers etc. which also
contribute to the increase of energy consumption by the
municipal customers.

However, these differences have been decreasing

Table 1. Parameters and indicators characterizing the annual load variability [own study]
Year AV P rs P rsr P ro Trs My lro my, lrs (o

[GW-h] [MW] [MW] [MW] [h] [] [l [l [] []

2006 149847 24640 17106 10820 6081 0.69 0.63 0.44 1.44 0.87
2007 154170 24611 17599 10561 6264 0.72 0.60 0.43 1.40 0.89
2008 154980 25120 17692 10703 6170 0.70 0.60 0.43 1.42 0.88
2009 148718 24593 16977 9502 6047 0.69 0.56 0.39 1.45 0.88
2010 154987 25449 17693 10300 6090 0.70 0.58 0.40 1.44 0.88
2011 157909 24780 18026 10381 6372 0.73 0.58 0.42 1.37 0.92
2012 157013 25845 17924 11140 6075 0.69 0.62 0.43 1.44 0.89
2013 157980 24761 18034 11243 6380 0.73 0.62 0.45 1.37 0.92
2014 158734 25535 18120 10745 6216 0.71 0.59 0.42 1.41 0.90
2015 161438 25101 18429 11241 6432 0.73 0.61 0.45 1.36 0.93
2016 164625 25546 18793 15094 6444 0.74 0.80 0.59 1.36 0.92
2017 168139 26231 19194 14852 6410 0.73 0.77 0.57 1.37 0.92
2018 170932 26448 19513 12211 6463 0.74 0.63 0.46 1.36 0.93
2019 169391 26504 19337 11584 6391 0.73 0.60 0.44 1.37 0.92
2020 165532 26799 18896 11251 6177 0.71 0.60 0.42 1.42 0.89

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 99 NR 1/2023 63




Power [MW]

Table 2. Equipment of household population with certain durable
goods [13]

laundry dish- . mobile personal
; microwave
Year | machine | washer oven [%] phone computer
[%] [%] ° [%] [%]
2006 82.8 6.2 38.0 73.1 43.7
2007 84.7 7.4 42.5 79.3 50.1
2008 86.7 9.6 46.1 83.5 56.4
2009 89.0 12.3 50.1 86.5 60.8
2010 89.8 15.7 52.6 88.8 64.9
2011 91.1 17.7 53.3 90.3 66.7
2012 92.3 19.5 54.3 92.0 68.3
2013 93.2 22.3 56.2 93.5 71.5
2014 94.0 24.7 56.9 94.4 73.1
2015 95.5 27.2 58.9 95.2 74.2
2016 95.8 29.2 58.1 95.7 75.2
2017 96.3 31.8 58.7 96.2 75.9
2018 95.1 36.4 62.7 96.7 741
2019 94.8 40.1 62.8 97.1 72.8
= 15 - peak power [MW) Pér - average power [MW]
e 10 - base boad power (MW s gr - annual energy [Mwh]
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Fig. 1. Annual energy consumption in Poland and chart of peak
average and basic power of the Polish Power System in the years
2006-2020 [own study]
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Fig. 2. Chart of annual peak power duration in the Polish Power
System in the years 2006-2020 [own study]
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Fig. 3. Chart of load degrees in 't(ﬁvre Polish Power System in the
years 2006-2020 [own study]
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Fig. 4. Chart of load equalization degrees in the Polish Power
System in the years 2006-2020 [own study]
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Fig. 5. Monthly energy consumption in the national power system in
the years 2006-2020 [own study]

Fig. 6. The equipment of households with certain durable goods in
% of total households in the years 2006-2019 [own study]
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Fig. 7. Electricity consumption in households and the industry in the
years 2006-2019 [13]

Table 3. Econometric models of the value of the base load degree
[own study]

No. Model form ao as R| & | S [lf/ie]
1| m,=a,+a X, [037]4.7510°|0.75]0.25/0.05|10.84
2| m,=a,+a-X, |0.28|3.5610°|0.50|0.50|0.06|13.67
3| m,=a,+a-X, |0.31]2.3910°|0.49|0.51|0.06|13.85
4 | m,=a,+a-X, [022]27910°|0.35|0.65|0.07 | 14.09

Econometric modeling of the value of the base load
degree my,

Basic load degree m,, determines the ratio of base load
to peak load in a given calendar year thus characterizing
the uniformity of loads.

An attempt was made to create an econometric model
of the basic load degree m,, which was determined on the
basis of statistical data from Statistics Poland, the Energy
Market Agency and PSE S.A. covering the years 2003-2017
[1, 13, 15].

Several hundred explanatory variables were selected.
During the evaluation procedure. some of them were
rejected and the variables that remained were related to
household equipment. These are the ones that are most
strongly correlated with the examined indicators
(explanatory variables).

On the basis of extensive statistical surveys making a
detailed analysis of the quantities affecting the value of the
basic load degree my. the following were adopted as
explanatory variables for the model: X; — equipment of
households with washing machines [%], X> — equipment of
households with dishwashers [%], X3 — equipment of
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households with microwave ovens [%], X4 — equipment of
households with mobile phones [%], X5 —equipment of
households with personal computers [%].

The statistical procedure for selecting explanatory
variables was then carried out. Quasi constant variables
that do not contribute relevant information to the potential
model were eliminated. The correlation coefficients of the
explained variable m, with potential explanatory variables
were calculated. Then from the set of potential explanatory
variables, the variables that were poorly correlated with the
response variable were eliminated. The variable that was
most strongly correlated with the response variable was
selected from among the remaining variables. The next step
was to calculate the matrix of correlation coefficients
between potential explanatory variables. The variables that
were too strongly correlated with the previously selected
explanatory variable, i.e. those that duplicated the
information provided by it, were eliminated. The last stage
of modeling consisted in the estimation of parameters of
linear models using the least squares method. All the
models developed were verified by determining the
coefficient of determination Rz, the coefficient of
convergence ¢72, the coefficient of random variability W, and
the standard estimation error Se.

Table 3 presents the comparison of the developed
econometric models and their fitting measures.

Forecasting the value of the base load degree m,,

On the basis of the developed econometric models, a
medium-term forecast of indicator m,, for the years 2019-
2029 was made. Table 4 and Figure 8 present the forecast
values. The forecasts were made on the assumption that
the trend of all explanatory variables remains unchanged.

Table 4. Forecast values of the base load degree m,,, in 2019-2029
on the basis of developed econometric models [own study]

On the basis of extensive statistical surveys, making a
detailed analysis of the quantities affecting the value of the
degree of uniformity of monthly peaks 0'”,., the following
were adopted as explanatory variables for the model: X; —
equipment of households with washing machines [%], X2 —
equipment of households with dishwashers [%], X3 —
equipment of households with microwave ovens [%], X4 —
equipment of households with mobile phones [%], X5 —
equipment of households with personal computers [%].

Table 5 presents the comparison of the developed
econometric models and their fitting measures.

Table 5. Econometric models of the value of the degree of
uniformity of monthly peaks

2 W,

No. Model form ao a; R | ¢ | S [%e]
1|0 =a,+a,-X, |0.86 | 1.9510° | 0.82 | 0.18 | 0.01 | 1.34
2 | 0 =a,+a,-X; |0.77 | 2.5510° | 0.67 | 0.33 | 0.01 | 1.46
3 |0 =a,+a-X; |0.79|1.7210° | 0.64 | 0.36 [ 0.01 | 1.52

Year Econometric model number
1 2 3 4

2019 0.55 0.52 0.51 0.51
2020 0.56 0.52 0.52 0.51
2021 0.57 0.53 0.52 0.52
2022 0.58 0.54 0.53 0.53
2023 0.59 0.54 0.54 0.53
2024 0.60 0.55 0.54 0.54
2025 0.61 0.56 0.55 0.54
2026 0.63 0.56 0.56 0.55
2027 0.64 0.57 0.56 0.56
2028 0.65 0.58 0.57 0.56
2029 0.66 0.58 0.58 0.57

%
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Fig. 8. Current values of the base load degree and its forecast
based on the four developed econometric models [own study]

Econometric modeling of the value of the degree of
uniformity of monthly peaks o
An attempt was also made to create an econometric

model of the degree of uniformity of monthly peaks o-”,.
which was determined on the basis of statistical data of
Polish Power Grids Company covering the years 2006-2018

[8].

Forecasting the value of the degree of uniformity of
monthly peaks 0'"r

On the basis of the developed econometric models. a
medium-term forecast of indicator o , for the years 2019-
2029 was made. Table 6 and Figure 9 present the forecast
the trend of all explanatory variables remains unchanged.

Table 6. Forecast values of the degree of uniformity of monthly
peaks o , in the years 2019-2029 calculated on the basis of
developed econometric models [own study]

Econometric model number
Year
1 2 3

2019 0.93 0.94 0.93
2020 0.94 0.94 0.94
2021 0.94 0.94 0.94
2022 0.95 0.95 0.95
2023 0.95 0.95 0.95
2024 0.96 0.96 0.95
2025 0.96 0.96 0.96
2026 0.97 0.97 0.96
2027 0.97 0.97 0.97
2028 0.98 0.98 0.97
2029 0.98 0.98 0.98

Fig. 9. Current values of the degree 6f uniformity of monthly peaks
and its forecast based on the three developed econometric models
[own study]

Conclusions

The conducted research concerns the annual variability
of loads in the power system. On its basis, the following
conclusions can be drawn.
1. In winter months the load is much higher than in
summer months. However, the difference has been
decreasing steadily in recent years. In the first years of
observations, the ratio of the minimum load (occurring in
summer) to the peak load (occurring in winter) was in the
range of 0.39 - 0.44, in order to reach a value of even 0.59
in recent years.
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2. The general load trend of the power system remains
unchanged, i. e. the load in winter is higher than in summer.
However, the parameters determining the value and
dynamics of these changes are currently completely
different than they were for example 10 — 15 years ago. As
the analyzes carried out show, there is a trend of load
balancing in the power system load. The ratio of base load
power to peak load power increases slowly but steadily.
This trend was very well illustrated by the realized
econometric models.

3. Based on the theory of econometrics, the authors
developed four models of the base load degree m,,. These
models allow an indicator to be determined on the basis of
knowledge of publicly available statistical data. The first
stage of the research was to select variables that could
potentially affect the value of the indicator my. Ultimately,
the models are based on four statistical variables, namely:
X> — equipment of households with dishwashers [%], X5 —
equipment of households with microwave ovens [%], X4 —
equipment of households with mobile phones [%], X5 —
equipment of households with personal computers [%].

4. The econometric models obtained are characterized by
high reliability, as evidenced by high values of the
coefficient of determination and low values of the standard
estimation error. This means that the actual values of the
base load degree m,, differ from the theoretical values
determined from the models by very small values, while the
variability of the adopted explanatory variables largely
explains the variability of the indicator my..

5. On the basis of the developed models, a medium-term
forecast of the value of the base load degree m,, for the
years 2019-2029 was made. The forecast values obtained
for all the developed models, which are based on different
statistical data, are similar.

6. On the basis of the forecasts made, it was noted that the
indicator my, will grow over time. This indicates that the
value of the base load power P, will strive for the peak
power value P,. This will result in an increasing
equalization of annual loads.

7. Based on the theory of econometrics, the authors also
developed three models of the degree of uniformity of
monthly peaks o ,. These models allow the indicator to be
determined on the basis of knowledge of publicly available
statistical data. The first stage of the research was to select
variables that could potentially affect the value of the
indicator o-r Ultimately, the models are based on three
statistical variables, namely: X, — equipment of households
with dishwashers [%], X3 — equipment of households with
microwave ovens [%], X5 — equipment of households with
personal computers [%].

8. The econometric models obtained are characterized by
high reliability, as evidenced by high values of the
coefficient of determination and low values of the standard
estimation error. This means that the actual values of the

degree of uniformity of monthly peaks o , differ from the
theoretical values determined from the models by very
small values, while the variability of the adopted explanatory
variables largely explains the variability of the indicator o

9. On the basis of the forecasts made, it was noted that the

indicator o , will grow over time, striving asymptotically to
the value of 1. This proves the equalization of monthly load
peaks.

10. The analyses carried out show that increasing the
equipment of households with a variety of everyday
electrical appliances not only increases electricity
consumption, but also balances the load of the power
system.

11. The analysis showed that over the years, the difference

in electricity consumption by season is decreasing. In the
previous years. electricity consumption was much lower in
summer than in autumn and winter months. At present,
summer and winter loads are equalizing. This may be due
to, among other things. common access to many electrical
appliances and gadgets used on a daily basis and climate
changes manifesting themselves in hot summers (the
number of properties equipped with air conditioners is
increasing). At the same time. due to the diversity of energy
sources, the high summer load is easily covered by solar
farms, for example, which produce the most energy during
summer due to the highest solar irradiation. It should be
stressed that there are many small and unstable energy
sources (e. g. photovoltaic or wind farms) create real
problems when balancing power in the power system.

12. High values of the correlation coefficient indicate that
there is a significant dependence of the base load degree
my, and the degree of uniformity of monthly peaks o'”,. on
the level of equipment of households with electrical
appliances. This confirms the thesis put forward in the
introduction.
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