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The problem of constructing an additive model for forecasting of the market tariff
for the day ahead is solved. The trend component is constructed on the basis of the
autoregressive model of already known values of the day-ahead market tariff and the external
factor of electricity consumption according to the United Energy System (UES) of the Urals
Wholesale Electricity and Power Market (OREM) of Russia for 2009-2018. Based on the
construction of the autocorrelation function, three seasonal components are identified in
the time series of hourly values of the market tariff for the day ahead: annual (8760 values),
weekly (168 values), daily (24 values). A harmonic model of each component is constructed.
The final additive model is constructed taking into account the specifics of the electricity
market and the process of setting the market tariff for the day ahead and a balancing
market. The practical significance of the developed additive model is adequate accuracy
with the well-known models for forecasting of the market tariff for the day ahead of the
UES of the Urals. The proposed model allows the subjects of the electric power industry to
avoid penalties from the balancing market by ensuring high accuracy of forecasting.

Keywords: modelling; forecasting; autoregression; additive model; electric power
industry; energy market.

Introduction

The fuel and energy complex of Russia has always played an important role in
the country’s economy. During the years of reform, in connection with a sharp drop in
production in other sectors of the economy, its role has increased even more. There was
a wide variety of approaches to the theoretical understanding of the existing models of
energy markets in the country and the calculation of their output parameters [1|. The
practical significance of such studies, especially in terms of price forecasts and estimates of
prospective energy consumption, is high for both producers and consumers of energy. In the
context of liberalization of the Russian wholesale electricity market, it becomes especially
important for energy companies to forecast prices and consumption levels, as well as to
formulate an optimal behavior strategy on the wholesale market. Companies are forced
to operate under conditions of high uncertainty [2]. In this situation, the competitive
advantage for market participants is the use of highly effective systems for forecasting
of prices and volumes of energy consumption, the formation of a cost management
strategy. Under these conditions, development of appropriate scientific and methodological
mechanisms is particularly relevant.
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1. Analysis of the Hour Values of the Market Tariff for the Day
Forward of the Ural UES

The hourly rate data of the day-ahead market (DAM) can be attributed to the time
series, because indicators are numerical, ordered in time and characterize the levels of the
cost of electricity consumed at successive points in time. A graph of the dynamics of the
market tariff for the day ahead is presented in Fig. 1.
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Fig. 1. DAM tariff hourly values according to PJSC Chelyabenergosbyt from January to
April 2018

The first component of the additive model is the trend component. The Foster—Stuart
method confirms the presence of a trend in the time series of hourly data of the DAM tariff,
because t, = 109, 5, which is more than the tabular value tj g5.2556 = 1,96. To determine
the degree of a polynomial that describes a trend, a method for determining the presence
of a trend in series of successive differences is used. In the framework of the study for
the presence of trends, successive differences up to 6 orders were found [3, 4]. The trend
disappears in the fourth-order time series, but when constructing the fourth-order linear
trend equation, the coefficients for the variables z*, 2% are not statistically significant,
similar to the situation in the third-order linear trend equation, therefore, despite the
increase in the determination coefficient with an increase in the degree of the polynomial,
it is advisable to use the second-order polynomial of the form

Yy =—3-107"- 2%+ 10,0249 - z + 1026, 5. (1)

The linear equation of second-order polynomial (1) is taken as a trend component of the
additive model of the series under study.

Autocorrelation coefficients reflect the degree of tightness of the relationship between
the levels of the original time series and the levels of the series shifted back one or more
time intervals. According to the autocorrelation function, the autocorrelation coefficient
with the lag equal to 1 is significant [5]. In the model, we introduce the autoregressive
component of the first order instead of the second-order polynomial, for which we construct
the autoregression equation

Y = 53,61+ 0,947 - y,_y. (2)
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In order to submit an auction application to the System Operator of the Unified Energy
System (SO UES) of Russia, it is necessary to take into account the market tariff and
the amount of electricity consumed. To forecast the tariff of DAM, the consumed amount
of electricity is introduced as an external factor. The correlation coefficient between the
DAM tariff and the hourly volume of electricity consumption is 0,471.

As part of the study, it is proposed to introduce the previous one into the model as
an external factor, i.e. the already known value of electricity consumption. Therefore, we
obtain the following equation of pairwise regression of dependence of the DAM tariff on
the already known value of the volume of electricity consumption:

Y = 504,6 + 0,0043 - z,_;. (3)

The second component of the additive model is the seasonal or vibrational component.
According to autocorrelation study, the following conclusions can be drawn.

1. The first-order autocorrelation coefficient turned out to be the highest, which
confirms the presence of a trend in the time series.

2. The autocorrelation coefficient for 7 = (24; 48; 72) turned out to be slightly different
from the first-order autocorrelation coefficient; therefore, the time series of the DAM tariff
contains cyclic fluctuations with the period equal to 1 day.

3. In addition to diurnal fluctuations, there is a cyclic component with the lag equal
to 7 days (168 values).

4. When constructing the autocorrelation function for the time series of hourly DAM
tariff values with the range of values from 2009 to 2018, an oscillatory process with the
lag equal to 1 year (8760 series levels) is revealed.

The mentioned features indicate periodicity and presence of the harmonic component
of the time series.

In the course of study of the time series of the hourly values of the DAM tariff, we
identify and include in the model the following 3 oscillatory processes.

Daily component is as follows:

27 ) 27
y; = 957,38 + 166,09 - cos t'ﬂ — 7,14 - sin t'ﬂ ) (4)
Weekly component is as follows:
27 ) 2T
Yy = 957,38 + 20, 16 - cos (t@) — 6,29 - sin (t@> (5)
Annual component is as follows:
27 2T
— . 20 ) 45,99 . )
Yy, = 957,38 + 30, 88 - cos (t 8760) 5,92 - sin (t 8760) (6)

2. Construction of an Additive Forecasting Model
Combining the obtained models of seasonal components, we obtain

27 . 27 21
Yy = 957,38 4+ 166, 09 - cos (t . ﬂ) —7,14 - sin (t . ﬂ) + 20, 16 - cos (t . ﬁ)_

2 2 2
6,29 -sin (- == ) +30,88-cos (- —— ) —45,92 - sin (¢ —— | .
168 8760 8760
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The average approximation error of the constructed model is 6,29%. Replacing a fixed
value by the previously found trend component control in the model equation, we reduce
the approximation error to 6,01%.

When combining the equations of seasonal components and first-order autoregression,
we obtain

2 2
Yt = 93,61 + 0,947 - y 4 + 166,09 - cos (t : %) —7,14 - sin (t . %) +
+20,16 2T 6,29 2T (8)
+ COS - — S
! 168 i

2T
30,88 - cos [t —2— | —45,92 - sin ( -
+39, COS( 8760 ’ Sm( 8760)

The approximation error increases to 7,54%. The introduction of the autoregressive
component into the model do not lead to positive results in the field of increasing the
accuracy of forecasting of the DAM tariff. The combination of the seasonal variation
model and pairwise regression increases the coefficient of determination from 0,18 to 0,84.
The equation of the model takes the form:

2 2
Y = 5047 6 + O, 0043 cTi—1 + 1667 09 - COS (t . 2_1-) 7 14 sin ( 21) +

2T 2m
20, 16 - C— 2
+20, 16 - cos (t 168) 6,29 - sm( 168) + 9)

27 27
. t-—— 45,92 - — .
+30, 88 - cos ( 8760) 5,92 - sin ( 8760)

The combination of the autoregressive, paired regression, and vibrational components
leads to the following model of the DAM tariff:

2
i = 204,6 + 0,947 - y,_1 +0,0043 - 2,1 + 166,09 - cos | t - 1) -

24
) 27 2T i 2T
—7, 14: - Sl (t . ﬂ) + 20, ]_6 - COS (t . @) — 67 29 -sin | t- @ + (10)

430,88 p. 2T 4592 - sin (1. 2T
ccos |t —— | — : .
’ 8760 P92 TSI T R60

A graphical interpretation of the model is presented in Fig. 2.

The resulting model is statistically significant, has the coefficient of determination
equal to 0,89 and the approximation error equal to 3,98%, which is a satisfactory indicator
among the forecast models of the DAM tariff. Checking the model for adequacy shows that
the remains of the model are random and distributed according to the normal law, have a
zero mean value and are independent of each other.

Conclusions

1. The developed methodological approach to forecasting of the DAM tariff will
help participants in the Russian wholesale electricity market to reduce significantly the
risks of entering the balancing market and thereby obtain financial savings when selling
and / or purchasing electricity. The constructed additive model for forecasting of the
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Fig. 2. DAM model with three seasonal components

hourly values of the DAM tariff takes into account the specifics of the Russian wholesale
electricity market, has a low approximation error comparable to the analogs, and contains
three seasonal components identified on the basis of the autocorrelation function. The
autoregressive function of the hourly values of the DAM tariff with the lag equal to 1 and
the external factor in the volume of electricity consumption act as a trend component.
The choice of the trend component is determined by the high value of the coefficient of
determination.

2. The resulting mathematical tools are recommended for use in the operational
activities of the electric power industry. Based on the proposed tools, it is possible to
formulate an optimal behavior strategy that ensures lower energy costs and increases
energy efficiency during operations in the competitive segment of the spot energy market.

The authors congratulate Doctor of Economics, Professor V. Mokhov on the 70th
birthday and express their gratitude to him for setting the problem and consultation.
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ITPO'HO3BNPOBAHUVE TAPNN®OB PbIHKA HA CYTKWU BIIEPE/]
HA OCHOBE AJIZINTNBHON MOAEJIN

E.A. Jlackosckas', II.K. 3apacumckasn-Tupauna®, O.A. Jmumpuna®

'TO2kH0-Ypasbekuit rocyapeTBeHHbli yHUBEPCUTET, I. Jeaa01HCK,
Poccniickas ®enepariust

?Komnuxka Japummranara, 1. Japaymraar, Tepmanms

3000 «Unmupekrs, 1. Yenabunck, Poccuiickasg Denepanust

Pemena 3a1a1a ocTpoeHnst aJIIATUBHON MOJIEIM TPOTHO3NPOBaHUsI Tapuda PhIHKA Ha
cyTKu Briepes. TpeHmoBasi COCTaBIISIONAs TIOCTPOEHA HA OCHOBE aBTOPErPECCUOHHON MO-
JIeJIM y¥Ke M3BECTHDBIX 3Ha4YeHWi Tapuda pbIHKA Ha CyTKU BIEpe] U BHeNIHero (akropa
obbeMa 1orpebieHns 3eKTpodHeprun 1o ganabiM O6benunennoil sueprocucremsl (0C)
Ypasa OuroBoro pelHKa 3j1eKTpudeckoil suepruu u Mornoctu (OPOM) Poccun 3a 2009-
2018 rr. Ha ocHOBe MOCTPOEHUST ABTOKOPPE/ISIIMOHHON (DYHKIUN BBISBJICHO TPU CE30HHBIX
COCTABJIAIONINX BO BPEMEHHOM PsiJly YaCOBBIX 3Ha4YeHWH Tapuda PbIHKA HA CYTKU BIEPEJL:
rojosas (8760 sHavennit), HepenbHas (168 sHavennit), cyrounas (24 suauenust). Iloctrpoena
rapMOHIYECKast MOJIENIb KaxKJI0# cocrasJistiomeii. IToroBast aylaTHBHAST MOJIEJTb TOCTPOEHA,
€ y4eToM creruduKn PhIHKA JIEKTPOIHEPIEeTUKH U Mpotiecca GopMUpOBaHust Tapuda phIH-
Ka Ha CYyTKM BITEpEN W OATAHCUPYIONEro phiHKa. lIpakTudeckas 3HATNMOCTDL pa3paboTaH-
HOW aJJIUTUBHON MOJEJIM 3aKJ/II0YAeTCs B aJeKBATHOW TOYHOCTU C U3BECTHBIMU MOJIEJISIME
[IPOTHO3UPOBaHusi Tapuda peiHKa Ha cyTKu Buepes OIC Ypasa. Vcnonp3oBanue mpeio-
JKEHHOM MOJIEJTN TIO3BOJIUT CyO'bEeKTaM 3JIEKTPOIHEPIreTHKHU 38 CUeT 0DecredeHne BBICOKOM
TOYHOCTH MIPOTHO3UPOBAHUs M30€:KATh MITPAMHBIX CAHKIII OAJAHCHPYIOMIETO PHIHKA.

Karouesvie crosa: modeauposanue; npo2Ho3uposanue; a8mopezpeccus; aI0umueHas

MOOEND; INEKMPOIHEP2EMUKG; IHEP2EMUNCCKUL DHIHOK.
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