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Abstract. The urgency of the work is conditioned by the electric power industry reforming,
which implies a gradual transition to a competitive market model. So each producer will be in-
terested in maximizing his own profit and independently determine the volumes of electric and
heat energy production. On the basis of the developed criterion of maximizing profits, the fol-
lowing problems are considered in the article: the most advantageous distribution of electric
energy of thermal power plants at given values of the rate for electricity; distribution of thermal
energy between the plant's units, taking into account the forced heating mode of operation of
the stations; finding the optimal modes of operation of the stations for the combined method of
producing electric and thermal energy; appointment of the most favorable operating modes of
the generating company; substantiation of tariff rates for the products sold, depending on the
optimal production volumes at thermal power plants that are part of the generating company,
determining the optimal operating conditions of SIBEKO JSC (Novosibirsk, Russia). The re-
sults: methodology of optimization of CHPP for electric and heat energy has been developed
in the work. And also a new criterion has been proposed for maximizing profits for managing
the functioning of a generating company.

Keywords: mathematical model, optimization of operating modes of CHP, characteristics of
relative increments of fuel consumption, criterion of profit maximization

1. Introduction

The urgency of the problem of energy saving, environmental friendliness, efficiency and ensuring ra-
tional work of the heat and power systems of cities, as well as their reliability throughout the life of the
operation is dictated by the priority directions of development of Russia and the world community as a
whole. Recently developed documents in the energy sector - “Target vision of the strategy for the de-
velopment of the power industry of Russia for the period up to 20307, the adjusted General Layout of
the Power Industry Objects until 2030, the Power Strategy for the period until 2030 - as one of the
main areas The development of the country's energy sector considered a wider use of coal-fired power
plants, the share of power generation of which was to increase from 17.5 (2010) to 23% in the most
likely variant and to 25% in the maximum. This growth predetermines new technologies of coal-fired
power plants, which are increasingly used in many countries around the world. As noted by the Insti-
tute of World Resources, in 59 countries 1199 coal-fired power plants with a total capacity of more
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than 1,400 GW have been proposed for construction, among which 77% of the capacity falls on China
and India.

Since cities and the majority of industrial enterprises receive electric and heat energy from CHP,
the solution to the task of energy saving set in this project is to develop and implement criteria and
methods that significantly reduce energy costs and optimize operating modes of generating companies
( GC) and thermal power plants (CHP, as previously existing, and the new generation). The perspec-
tive of scientific directions in the energy sector of the economy of the GC today depends on the actual
application of the results of scientific research and approbation in practice. It should be noted that one
of the current areas is the use of high-tech, low-energy-intensive, energy-saving techniques to opti-
mize the operating modes of the GC and CHP with a high economic effect. In conditions when the
power industry was the state branch of management, the operation consisted in fulfilling the following
requirements. There are given volume and schedule of supplying electric and thermal energy to con-
sumers and observing the reliability conditions of the energy system, and observing the system con-
straints, determine the optimal mode that satisfies the given economic criterion understood the mini-
mization of operating costs [1].

Currently, a strategy of reforming the electric power industry has been developed and is being im-
plemented. It involves a gradual transition to a competitive market, where each business entity will
independently determine the volumes of production of electrical and thermal energy and modes of op-
eration.

Among the characteristic limitations of the existing principle of control of functioning, the follow-
ing can be distinguished: the mismatch between the goal of management and modern conditions. Eve-
ry business entity is interested in increasing its own profit, the ineffectiveness of the former control
criterion, which is focused on setting higher levels of control of electricity generation and thermal en-
ergy [2,3]. Therefore, the old criteria and methods of management have become inadequate for man-
agement purposes.

The presence of these limitations necessitates the development of a different principle and methods
for managing the operation of an energy facility.

There is a need to determine the principles and methods of management of the functioning of ener-
gy facilities that are acceptable in the new economic conditions. Through the work of several genera-
tions of scientists, unique methods of managing energy production were created and successfully put
into practice, which ensured its high reliability and economic efficiency. Of course, they should form
the basis of the approaches proposed in the work, become its intellectual environment and, in combi-
nation with economic levers, create prerequisites for the emergence of competitive relations that in-
crease the economic efficiency of energy production.

The solution to this problem is the development of a fundamentally new criterion for managing the
operating modes of GC and CHP, as well as creating an integrated methodology for separating fuel
costs between the types of energy produced (electrical and heat), which will allow GC and CHP to
take a competitive position in the electricity and heat market.

Urgency of the problem of energy saving, environmental friendliness, efficiency and ensuring ra-
tional work of the heat and power systems of cities, as well as their reliability throughout the life of the
operation is dictated by the priority directions of development of Russia and the world community as a
whole [1,2]. Recently developed documents in the energy sector - “Target vision of the strategy for the
development of the power industry of Russia for the period up to 20307, the adjusted General Layout
of the Power Industry Objects until 2030, the Power Strategy for the period until 2030 - as one of the
main areas The development of the country's energy sector considered a wider use of coal-fired power
plants, the share of power generation of which was to increase from 17.5 (2010) to 23% in the most
likely variant and to 25% in the maximum [3,4]. Since cities and the majority of industrial enterprises
receive electric and heat energy from CHP, the solution to the task of energy saving set in this project
is to develop and implement criteria and methods that significantly reduce energy costs and optimize
operating modes of generating companies GC) and thermal power plants (CHP, as previously existing,
and the new generation) [5, 6].
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The purpose of the study is to develop a mathematical model of the optimal loading of a generating
company in terms of electric power by the criterion of maximizing profit [7, 8].

In conditions when the power industry was the state branch of management, the operation consisted
in fulfilling the following requirements. There are given volume and schedule of supplying electric
and thermal energy to consumers and observing the reliability conditions of the energy system, and
observing the system constraints, determine the optimal mode that satisfies the given economic criteri-
on understood the minimization of operating costs [9, 10]. Currently, a strategy of reforming the elec-
tric power industry has been developed and is being implemented. It involves a gradual transition to a
competitive market, where each business entity will independently determine the volumes of produc-
tion of electrical and thermal energy and modes of operation. Among the characteristic limitations of
the existing principle of control of functioning, the following can be distinguished: the mismatch be-
tween the goal of management and modern conditions. Every business entity is interested in increasing
its own profit [11, 12]. Therefore, the old criteria and methods of management have become inade-
quate for management purposes [13, 14]. The presence of these limitations necessitates the develop-
ment of a different principle and methods for managing the operation of an energy facility. In this pa-
per, it is proposed to use the economic criterion of profit maximization for optimal control of the load
of thermal power plants in modern conditions, and also developed a strategy for managing a generat-
ing company [15, 16].

2. A mathematical model for controlling the operation of a generating company
As is known, it is necessary to solve the problem of constructing a mathematical model to solve opti-
mization problems. Modeling can be defined as a method of mediated cognition, in which the object
under study i.e. the original is in some relationship with another object i.e. a model. The model object
is able in some way to replace the original at some stages of the cognitive process [4].

We represent the control object in the form of a black box (figure 1). Mode parameters are divided
into several categories. We will distinguish between input and output parameters. In addition, we di-
vide the parameters (input and output) into controlled (index “c”) and non-controlled ones (index
“nc”). The latter include those parameters that we either cannot control e.g. weather, power system
load, or do not want to control, translating them into uncontrollable, for example, insensitive parame-
ters that have little effect on the objective function. In addition, process parameters can be measurable
(index “m”) or non-measurable (index “nm”).

Input X —¥ ) > Yc Output
* Yoo —p e — Ve y
Xnm Ynm

Figure 1. System parameters.

We construct a mathematical model of the most favorable distribution of electrical power between
stations or aggregates. We assume that the system has i = 1,2, ..., n thermal power plants, for which the

flow characteristics B;(P;) and total load P, are known. For this case:
1. The goal equation

B:Bl(F)Tl)+Bz(PT2)+---+Bn(PTn)::’min 1)

2. The equation of connection B, (R;,) .
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3. Limitations are balance power equations

ZPTi—Pn—HZO (2)

where 7 is the total loss of active power.

4. To derive the optimization equation, we use the Lagrange method. The use of the method of
indeterminate Lagrange multipliers makes it possible to reduce the task to solving a system of
algebraic equations.

In some cases, the analytical solution of the problem uses linearization techniques or other idealiza-
tion of nonlinear dependencies.

@=(B,+B,+..+B)+1*> B, —P,—7=0 -

where A is a constant Lagrange multiplier.

It should be noted that such a system of equations is compiled for each hour of the day, i.e. there
are 24 systems in total.

An analysis of modern methods of mathematical programming (linear and nonlinear, dynamic and
the theory of optimal processes) and a general form of the constructed model shows that the only ac-
ceptable and possible way to solve this problem is to use non-linear programming methods, namely
the Lagrange method.

Let us consider the main provisions of this method as applied to the set task.

Since the expression in the second brackets in expression (3) is zero, the minima of the Lagrange
function and the objective function (1) are the same.

,,,,,

zero. It should be borne in mind that when we take the partial derivatives of the Lagrange function on
the load of the i station, the partial derivative of the consumption of the fuel of the i-¢4 station is

B.
b, = —— only on its load P;; , and on the loads of all other stations is zero. Then we get:

TI o0 0B 5 A
R Ny R [ By )
Ry 0P Ry,

> (4)

oD :aBn s or 0.
o, OB, *,)

The number of equations of the system corresponds to the number of thermal power plants. It is
easy to see from (4) that:

0B, 0B,
oPy; I oP;, 5)
oz 1- or
0Py P,
Let us introduce the following denotation: b, = ——" is a relative increase in fuel consumption of

Ti
electric stations, which shows how the fuel consumption of the i-th station will change if its load
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changes by the value o; = ——, which is a relative increase in active power losses in networks, i.e.
Ti
the value indicating how much network losses will change if the power of only the i-¢4 station changes

by OP;;.

Applying these notation, we obtain the conditions for the most favorable load distribution:

b .
—— =idem. (6)
1-o0,

If we assume that the active power loss is zero, that is to neglect them, then we get the following
expression:

b =b, =..=b, )

In this paper, it is proposed to use the economic criterion of profit maximization for optimal con-
trol of the load of thermal power plants in modern conditions, and also developed a strategy for man-
aging a generating company [5, 6].

According to the criterion of maximizing profits, the manufacturer will maximize profits by pro-
ducing products at the point where marginal revenues equal marginal costs. This guiding principle of
profit maximization is called the marginal cost rule of marginal revenue. A graphic illustration of this
condition is presented in figure 2.

p price
unit prod
r'
P N a
Ii‘mt —NT iq MC Figure 2. Determination of the op-
2 . . .
| timal production output: D is an en-
AN D ergy demand for a specified time in-
N MR terval; E,,, is an optimal output for a
0 E: Eor B> E(unit prod.) specified time interval; P,, is an op-

timal price at the optimal production
output.

Marginal revenue (MR) from the sale is determined by the differential demand curve for energy
products, and marginal cost (MC) is a differential component of the cost of energy production, which
can be represented as a characteristic of the relative increase in fuel costs for thermal power plants. All
these values have the same dimension (price / unit prod.), therefore, they can be compared in the cal-
culations [6].

The optimal amount of energy production (E,) allows the energy company to maximize its profits.
Suppose that a smaller number of E; products is produced compared to the optimum number, but at a
higher price P;. In this case, the marginal income of the manufacturer exceeds marginal costs, and by
increasing the production volume to E,y, at which an additional profit derived from the release of an-
other unit of production is zero, it would increase the total profit by an amount equal to the area abc.

Larger with respect to the optimal production volume of E; also does not maximize profit, since
marginal costs exceed marginal revenue. The increase in profit by reducing the volume of production
to the value of E, instead of E;, corresponds to a value equal to the area bde.
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In modern conditions, each economic entity is interested in increasing its own profit, therefore, the
proposed method allows to solve the problem of determining the volume of production at the station
adequately to the modern conditions of the domestic energy industry.

On the basis of the developed criterion, the following tasks are solved in the paper:

1. The most advantageous distribution of electric energy of thermal power plants for the given
values of the tariff for electricity.

2. Distribution of thermal energy between the station's units, taking into account the forced heat
and power plants operation mode.

3. Finding the optimal operating modes of the stations for the combined method of producing
electric and thermal energy.

4. Appointment of the most favorable operating modes of the generating company.

5. Justification of tariff rates for the products sold, depending on the optimal production volumes
at thermal power plants that make up the generating company.

The formulated tasks and stages of their implementation can be represented in figure 3.

Since the main mode of operation of thermal power plants is heat-generating, their operation
should be managed taking into account the forced schedule for the release of thermal energy [7].
Therefore, the work examines the question of the possibility of applying the approach to the most ad-
vantageous distribution of electricity between the station's units to determine the optimal modes for the
production of both types of energy, taking into account the “hard constraints” imposed by the forced
operation of the CHP.

3. An optimal distribution of electrical and thermal energy at the stations based on the criterion
of profit maximization

The most profitable distribution of electrical and heat energy at the stations in accordance with the
conducted analytical analysis. At the same time, various types of restrictions are taken into account, in
particular, the forced operation mode of the station according to the heat-generating cycle [8,9].

This problem is solved by several stages. At the first level, the optimal load on the station for elec-
tric power, taking into account the forced mode of its work on the generation of thermal energy. Then
assignment of optimal operation modes of the stations by thermal energy is carried out. At the final
stage, the corresponding work and their mutual coordination is performed.

Let us dwell in more detail on the solution of these issues.

To determine the optimal power plant, the following tasks must be solve:

Construction of the characteristics of the relative increase of the station fuel consumption for given
compositions of operating equipment for the seasons of the year.

Getting the dependencies of the marginal costs of stations for each of the seasons.

Finding the optimal electrical power and the corresponding values of the stated price.

To obtain the dependencies of the marginal costs of the station, we used the characteristics of rela-
tive increments in fuel consumption, taking into account the average seasonal prices for purchased
fuel.

The characteristics of marginal revenue are built on the basis of the demand curves for electrical
energy as follows:

ATR Ap

——=MR=p+E, ——— 8

AEom p - AEom ( )
where is a slope of the demand curve, i.e. marginal revenue represents the derived demand for
electricity;

ATR is an increase in total revenue from power generation;

AP is a change in electricity prices;
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AE, is a change in power generation.

For the station, as a characteristic of demand, it is possible to take the characteristic of the cost of
production of electric energy, which can be adjusted by the value of the rate of profit. The real demand
curve is piecewise due to the variable nature of energy consumption. However, in practice, an
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approximation of these dependencies is used, selecting for this the corresponding polynomials. Ap-
proximate dependencies of cost and demand for electricity are shown in figure 4.

Since energy consumption has a pronounced seasonal nature, it is advisable to consider three de-
mand curves: Zone I (figure 4) corresponds to summer consumption; Zone II (figure 4) is for the tran-
sition period (spring-autumn) and, finally, Zone III (figure 4) is for the consumption of the winter pe-
riod. Each curve can be approximated by the corresponding polynomials [10, 11].

Jointly solving the system of equations describing the curves of marginal costs and marginal reve-
nue, you can determine the optimal values of the average monthly production (£,,) for each season
and the average daily capacity:

Nopt = Eopz/tmonth, (9)

where t.,,, 1S an average number of hours per month (720 h).

s copech o copech
kwh kWh o
N Figure 4. Curves of electricity pro-
" m duction cost and electricity demand:

s is an electricity production cost, p

|
\ is an electricity price, E is an electric
q power released from the station bus-

b q es, s= f(E) is the electricity produc-
S< — tion cost function, D = p = f(E) is the
— > S electricity demand function derived
E, (kWh) as the sum of electricity production
0 cost and profit rate, i.e. p=s + d.

On the basis of the proposed approach, the work shows the possibility of solving two important and
interrelated tasks of controlling station operation modes:

To determine the optimal range of its generation at the power plant, with the tariff for electricity,
which is formed in the modern conditions of functioning of the CHP.

It is possible to substantiate the size of the stated price in the power system, based on the optimal
power generation at the stations.

As already noted, the calculation of the optimal load of a thermal power plant by electric power is
carried out taking into account the forced mode of operation of a thermal power plant by thermal ener-
gy [12].

However, the use of this approach allows you to check the loading of the station by thermal energy.

The problem of optimal distribution of thermal energy at the station is solved step by step accord-
ing to a model developed for the most advantageous distribution of electrical energy [13].

Let us consider the possibility of using the developed model of the optimal distribution of electric-
ity between the station's units to determine the modes for the production of both types of energy, tak-
ing into account the “hard constraints” imposed by the forced operation mode of the CHP [14].

To solve this problem, it is necessary to determine the optimal range within which further optimiza-
tion of station modes is allowed due to a change in turbine selections and variation of electric power
generation volumes. A graphic illustration of the solution to this problem is shown in figure 5. Sup-
pose, for example, point 1 corresponds to the optimal mode for the production of electricity, and point
2 - by thermal energy. Then the modes, characterized by a change in the selection of turbines and the
variation of electric power, correspond to intermediate points 3, 4 and 5.

Consider the following options for changing the selections at the station.
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The first boundary variant is characterized by the optimal loading of the station by electric power at
given thermal energy selections. In this case, the optimization criterion is the maximum profit from the
production of electric energy.

The second boundary variant is characterized by optimal loading of the station by thermal energy.
At the same time, the proposed principle of station operation control is used.

It should be noted that the value of electrical power in the optimization of thermal energy (N,;) is
based on the following expression:

Nel2 = NeIZO + Nconst, (10)

where N, is the power value corresponding to the optimal load of the station for thermal energy;
Nonst is the constant component of electric power corresponding to the difference (according to

the consumption characteristic) difference of the average for the season of the actual value of the sup-
ply of thermal energy and heat load, which is determined by the optimal amount of electricity genera-
tion.

Intermediate calculations of the station operation modes vary within the first and second boundary
variants [15].

The obtained points form a curve of effective solutions, which is proposed to be used to find the
optimal operating modes of the station with the combined generation of electrical and thermal energy
[16].

PX. rubles 4

» N MW

»

cherma Gcal

Figure 5. Dependence of total station profit on electric power (heat energy).

The optimal criterion of the combined method of producing electric and thermal energy will be the
maximum of the total profit PX:

PZ =Pz + P, = max (11)

where P is a profit from the production of electricity;
Py is a profit from the production of heat energy.

In this case, it may be that the solution obtained will give serious deviations in the production of
electrical and thermal energy at the station.

Therefore, the paper proposed a method for adjusting the production of electric power by the opti-
mal value of heat [17].

To do this, it is necessary to calculate the deviation (A) of the optimal generation of electric energy
(obtained with a strictly specified selection) with the optimal mode, which is calculated based on crite-
rion (11):
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Ay *Oy +As*Og + AL * O,
Iy +9s + 34

A=

(12)

where A, A .A, is the deviation for the winter, summer and transition periods, respectively;

D195 3, is an optimal power values for the characteristic season of the year.

The proposed model allows distributing fuel costs between the types of energy produced by the cri-
terion of profit maximization, taking into account mode constraints.

4. Management of operating modes of thermal power plants as a combined production sources
The next iteration is the practical implementation of the models proposed in the article for determining
the optimal operating modes of the CHP-2, CHP-3, CHP-4, CHP-5 in Novosibirsk.

In accordance with the proposed approach, it is necessary to calculate the boundary and intermedi-
ate energy production options at the stations (figure 5). Then, according to criterion (4), determine the
optimal mode of operation of each of the above stations by electrical and thermal energy.

As a general note, it should be noted that all calculations are carried out for given compositions of
operating equipment [18-20].

Table 1 shows the composition of the operating equipment of NCHP-4 by seasons of the year:

Table 1. Typical operating equipment structure at the Novosibirsk CHP-4.

Season Boilers Turbines
TII-170  TII-81 IKTH-75-39 IIT-22-90 T-100-130 T-24,5-90

Winter (months

XEXILLILTY 4 3 a 2 3 !
Summer

(VLVILVII) 2 ! ! 2 2 ;
Transition peri-

od (IX,X,1IV.V) 2 3 - 2 3 -

In figures 6, 7 and 8 showed characteristics of the relative increase in fuel consumption, marginal
costs and marginal revenue for the winter period of NCHP-4, respectively.

290
05 5,610
0,441 0,445 §270 273247
- 0,4 0,366,0,370 0,376 g250
Z 03 Sa30 oy 233,146
= 02 0,288 0,293 5210 226,950
s =190
< o1 181,560
’ 170 [8462 .
0 . . . . 200000 210000 220000 230000
280 290 300 310 320 N MW
N, MW ’
Figure 6. Characteristics of the relative increase Figure 7. Characteristics of the marginal
in fuel consumption of NCHP-4 for the winter costs of NCHP-4 for the winter period.

period.
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Figure 8. Marginal revenue curveof NCHP-4 for
the winter season.

The results of calculations according to the developed principle of controlling the operation of a
power generation station are presented in table 2.

Table 2. Optimum values of power for the seasons of the year for NCHP-4.

Season Winter Transition period Summer
Profit rate 0% 12% 0% 12% 0% 12%
N, MW 220 234 151 166 39 41

E, MWh 158702 168394 109058 119635 28412 29716
fﬁ%t/i‘jlw}ice’ 560 650 600 800 1500 1700
bRIZ‘ge”“e' FU 285807000 331995964 152955789 185715182 76410172 88707757
Profit, rubles 46188955 32759394 12297585

The range of changes in the generation of electricity of NCHP-4 for the winter period is 158702-
168394 MWh. In this case, the stated price of electricity will be from 360 to 394 rub/ MWh; for the
transition period of 109058-119635 MWh with the stated price from 351 to 388 rub / MWh, respec-
tively. For the summer period, these values are equal to 28411-29715 MWh and 896-995 rub / MWh.

Table 3 shows the results of verification of the volumes of electricity generation using the existing
(the principle of minimizing fuel costs) and the criterion developed by the author to control the opera-
tion of stations.

Under the second boundary option is understood this mode of operation, which is characterized by
the optimal load for the production of thermal energy.

This problem is solved for a given composition of operating equipment at the station [21-23].

In accordance with the developed approach, the characteristic of the relative increase in the sta-
tion's fuel consumption is obtained on the basis of the characteristics of the boiler shop, by extracting
from it a component that corresponds to the supply of heat energy to the CHP plant. Below are the
results of the implementation of the developed approach for calculating the station heat load on the
example of the winter period of the NCHP-2 (table 4).

A comparison of actual and optimal volumes of electricity generation shows that the use of the
principle of profit maximization allows us to obtain solutions belonging to the range that took place
with the existing criteria for managing the operation of thermal power plants.

According to the results of the implementation of the developed approach at NCHP-4, the specific
fuel consumption for power generation was saved on the order of 5, and in some cases 10 g/ kWh.
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For NCHP-2, the range of change in heat supply for the winter period is 215450-229629 Gcal. In
this case, the stated price of thermal energy will be from 142 to 163 rub / Geal. Similarly, for the tran-
sition period is 165126-191910 Gcal with the stated price ranging from 156 to 175 rub / Gcal, respec-
tively. For the summer period, these values are 52232-56255 Geal and 195-216 rub / Gceal.

Table 5 summarizes the results of verification of heat generation volumes using the existing and
proposed by the author optimization criterion. A comparison of actual and optimal volumes of elec-
tricity generation shows that the use of the principle of profit maximization allows us to obtain solu-
tions belonging to the range that occurred with the existing criteria for controlling the operation of
thermal power plants.

As a result of the calculation of intermediate optimal variants of station operation modes as a com-
bined production, an efficient decision curve is obtained, which allows making decisions on the most
advantageous distribution of electrical and thermal load between units at CHP. For an example in fig-
ure 9 shows the curve of effective solutions for the winter period of NCHP-4.

Table 3. Verification of electricity generation volumes.

Season Winter Transition period Summer
CHP rlzgtecg];n Eopt, rlzghecgzn Eopt, rsgtec'?i];n Eopt,
IDE, Mwh  MWh pE, Mwh  MWh IOE, I\leWh MWh
NCHP-2 12%?6%%' 155685 ‘1338886 88213 %37%1%%' 65500
NCHP-3 Sy 101890 5020 150057 200" 62554
NCHP-4 12%%%?1' 168393 fgi_’?lgg 119635 23%5722 29715
NCHP-5 ) aos000 DS 280000 T 158000

Table 4. Optimal value of power output at the Novosibirsk CHP-2 for seasons of the year.

Season Winter Transition period Summer
Profit rate 0% 12% 0% 12% 0% 12%
Qopt, Gkal 215450 229630 165126 191910 52232 56255
Stated price, rub./ 145 163 156 175 195 216
Gkal

Revenue, rubles 153101233 186633440 103032019 134347042 30607245 36408433
Profit, rubles 33532207 31315023 5801188

Analysis of the obtained results shows that for the NCHP-2 in the winter period it is advisable to
produce 216 MW (348942 Gcal), in the summer is 91 MW (79149 Gecal) and for the transition period
is 146 MW (191910 Gcal); for NTEC-4 in winter, the optimal load is 253 MW (356589 Gcal), in the
summer is 59 MW (81282 Gcal) and for the transition period is 210 MW (264725 Geal). It is these
modes of operation that will allow stations to get the maximum profit for each season of the year.

The possibility of applying the approach to managing the operation of CHP for the production of
electricity to find the optimal operating conditions of the plant as a combined production in modern
conditions allows us to judge the amount of deviation found by expression (11). For NCHP-4, it is
13%, for NCHP is 2 - 4%.

Table 5. Thermal power production volumes comparison.
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Season Winter Transition period Summer
. Rate of Rate of
CHP Rate (g pGr?:glIJCtlon Qopt, Geal  production  Qqpt, Geal — production 8‘(’:";I
' Q, Geal Q, Geal
NCHP-2 223400-352600 229630 fggggé 191910 ‘;%%%%' 56255
NCHP-4 336081-499962 356589 363915222 264725 i%%ﬁi‘ 106640
85000000
85000000 -
2 8000000 /A o 80000000 / \
= / \ = 75000000
g 75000000 V4 g I \
9 70000000 % g 70000000 .
£ 65000000 ~ 65000000
60000000 T T s 60000000 . ;
100 150 200 250 300000 350000 400000 450000
N, MW Q, Gkal
a) b)

Figure 9. Determination of the optimal operation

mode of the NCHP-4 (winter) by: a) electric

IOP Publishing

power, b) thermal energy.

5. Management of operating modes modes of the generating company
The task of managing the operation of the generating company (GC) is solved on the basis of the ob-
tained optimal operating conditions of thermal power plants that are part of it.

The principle of interaction within the generating company is as follows:

each station included in the group of companies calculates and transmits its optimal mode of opera-
tion (for each of the seasons of the year) taking into account the station and system limitations, indicat-
ing the volume of possible supplies and the stated price for electricity;

GC, having collected applications from CHP, loads the stations in an optimal way, guided as an op-
timization criterion by the rule of profit maximization;

on the basis of regimes, energy supply contracts are concluded with manufacturers with detailed
deliveries by month, working day, holidays and weekends.

For the described principle of interaction within the GC, an approach has been developed that al-
lows one to calculate the range of optimal volumes of electricity generation, based on the criterion of
profit maximization.

The implementation of the approach is carried out sequentially according to the model proposed for
controlling the operation of CHP.

As a result of the optimization of the operating mode, the Communications Department of the GC
submits its application for participation in the coverage of the total load schedule of the consumer.

It should be noted that this application has the character of “solid supplies”, which the management
of the GC undertakes to deliver to the CMPE [24-26].

All calculations were made for the generating company on the basis of the Novosibirsk CHPs
based on data on the operating modes of the stations, as well as information on the average monthly
values of fuel prices and the cost price of the products sold. The results of the calculation according to
the developed methodology are given in Table 6.

Table 6. Optimal power generation for the generating company.
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Season Winter Transition period Summer
Profit rate 0% 12% 0% 12% 0% 12%
E/:\e/‘\:/tg'c'ty OUtPUL 489300 554900 129250 143690 343370 388100
Stated price,

rub/MWh 1150 1275 2500 2750 1670 1800

Analysis of the obtained results shows that the range of changes in the power generation of the sta-
tion for the winter period is 489300-554900 MWh. In this case, the stated price of electricity for the
group of companies will be from 52 to 57 copecks/ kWh. Similarly, for the transition period 343370-
388100 MWh with the stated price from 89 to 99 copecks/kWh, respectively. For the summer period,
these values are equal to 129250-143690 MWh and 127-142 copecks/kWh. It is with this proposal that
the GC can enter the CMPE. Thus, the developed mathematical model allows to provide significant
competitive advantages of the Russian energy industry [27].

6. Conclusion
The most significant results obtained are formulated, which should include the following:

A mathematical model has been developed for controlling the functioning of the GC in modern
conditions;

A critical analysis of the existing criteria for the management of electric power system, which are
not suitable in market conditions, has been carried out;

A criterion for controlling the operating modes of an energy facility that combines the technologi-
cal features of the energy industry with new economic controls is proposed;

Principles and methods for managing the operation of a thermal power plant for the production of
heat and electricity based on the principle of profit maximization have been developed;

A comprehensive methodology has been created for distributing fuel costs between the types of en-
ergy produced at CHP by the criterion of profit maximization;

A method has been developed for obtaining optimal operating conditions for thermal power plants
that form a generating company, based on the principle of maximizing profits;

The calculated and experimental verification of the developed approaches and methods was carried
out, as well as the implementation of the main provisions of the research at specific sites was carried
out.

Acknowledgments
The article was prepared within development program of the Flagship Regional University on the ba-
sis of Belgorod State Technological University named after V.G. Shukhov.

Reference

[1] W G Chandler, P L Dandeno, A F Glimn and L K Kirchmayer 1953 Schort-Range economic
operation a combined thermal and hydroelectric power system AIEE Transactions vol 72
part III p 1057

[2] C W Watchorn 1955 Coordination of hydro-and steam generation A/EE Transactions vol 74
part Il p 142

[3] T V Chekalina 2003 Ensuring of the generating company competitiveness at the energy market
due to the assignment of the optimum states of thermal stations Proceedings of the 7th
Russian-Korean International Symposium on Science and Technology KORUS-2003 (Ulsan:
Korea) pp 62-4

[4] U A Sekretarev, T V Chekalina and B V Malosemov 2011 Administration Functioning Power
Generation Companies by Criterion of Maximization Profit Symposium of papers the 6th
International Forum on Strategic Technology IFOST-2011 (Harbin University of Science



IIT International Scientific and Technical Conference “Energy Systems” IOP Publishing

IOP Conf. Series: Materials Science and Engineering 552 (2019) 012016 doi:10.1088/1757-899X/552/1/012016

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

and Technology: Harbin China) vol 1 pp 491-4

A Noskes 1963 Arismunender Bibliography on optimum operation of systems 1919 1959 IEEE
Trans. Power Apparatus and Systems 3

E Y Handschin 2001 Deregulation and transmission management in the German electricity
market [EEE Liberalization and modernization of power systems operation and control
problems (Irkutsk: Energy Systems Institute)

W F Reinke, B Meyer and C Ray 2000 Power systems of the future and consequences of Re
regulation (CIGRE)

S Sun and J K Jensen 2000 Power system planning and development (CIGRE)

N G Ram 2000 The single-shaft combined cycle Proceeding of ASME TURBOEXPO

A Pasha and R Allen 2003 Designing and modifying HRSG’s for cycling operation Power

Yu A Sekretarev, T V Myateg and B N Moshkin 2016 Optimizaciya rezhimov raboty’
generiruyushhej kompanii na baze TE'Cz po vy rabotke e’letkroe nergii na osnove kriteriya
maksimizacii priby'li [Optimization of operating modes of a generating company based on a
heat and power plant for generating electricity on the basis of a criterion of profit
maximization] Novosti vysshikh uchebnykh zavedeniy Elektromekhanika 4(546) pp 82-8 [In
Russian]

2015 A multiple objective decision making model for energy generation portfolio under fuzzy
uncertainty Case study of large scale investor-owned utilities in Florida Renewable Energy
vol 75 pp 224 -42

A Fallahia, R Ebrahimib and S F Ghaderic 2011 Measuring efficiency and productivity change
in power electric generation management companies by using data envelopment analysis A
case study Energy vol 36 pp 6398 - 405

S F Ghaderi, A Azadeh, B Pourvalikhan and N E Fathi 2012 Behavioral simulation and
optimization of generation companies in electricity markets by fuzzy cognitive map Expert
Systems with Applications vol 39 pp 4635- 46

Seif Azghandi Kenneth Mark Hopkinson and Kennard Robert Laviers 2016 Benchmarking
approach for empirical comparison of pricing models in DRMS The Journal of Engineering
p8

A Christos 2017 Cogeneration Technologies Optimization and Implementation p 360

A M Rosen and Dr S Koohi-Fayegh 2016 Cogeneration and District Energy Systems Modelling
Analysis and Optimization p 344

T V Chekalina, Yu A Sekretarev, B N Moshkin, V S Karmanov and K N Yakovchenko 2013
Povy'shenie e'nergeticheskoj e'ffektivnosti generiruyushhej kompanii za schet vy'bora
optimal ny'x rezhimov funkcionirovaniya po kriteriyu maksimizacii priby'li [Improving the
energy efficiency of the generating company by choosing the optimal operating modes
according to the criterion of profit maximization] Nadezhnost' i bezopasnost'
elektroenergetiki 120 pp 35-40 [In Russian]

B N Moshkin, V S Karmanov, Yu A Secretarev, T V Chekalina and K N Yakovchenko 2013
Optimizaciya rezhimov funkcionirovaniya TE'Cz kak sposob povy sheniya e 'nergeticheskoj
e ffektivnosti [Optimization of the functioning modes of heat and power plants by the way to
increase energy efficiency| Energiya Tatarstana 3 pp 61 -7 [In Russian]

T V Chekalina, Yu A Sekretarev, B N Moshkin and V S Karmanov 2013 Upravlenie rabotoj
generiruyushhej kompanii na osnove kriteriya maksimizacii priby'li [Management of the
generating company operation on the base of the maximization profit criterion] Glavnyy
energetik 3 pp 39-45 [In Russian]

V Y Olhovskiy, T V Myateg and M A Klepche 2017 The influence of high harmonics
generation of low power consumers on up to 1000 V networks operation /EEE Dynamics of
Systems Mechanisms and Machines Dynamics 2016 proc of a meeting (Omsk: Dynamics
2016) vol 1 pp 456-62

Yu A Sekretarev, T V Myateg and B N Moshkin 2018 Matematicheskaya model™ upravleniya
funkcionirovaniem generiruyushhej kompanii v sovremenny'x usloviyax [Mathematical


http://www.sciencedirect.com/science/journal/09601481
http://www.sciencedirect.com/science/journal/09601481/75/supp/C
http://www.sciencedirect.com/science/article/pii/S0360544211006414
http://www.sciencedirect.com/science/article/pii/S0360544211006414
http://www.sciencedirect.com/science/article/pii/S0360544211006414
http://www.sciencedirect.com/science/article/pii/S0360544211006414
http://www.sciencedirect.com/science/article/pii/S0360544211006414
http://www.sciencedirect.com/science/article/pii/S0360544211006414
http://www.sciencedirect.com/science/journal/03605442
http://www.sciencedirect.com/science/journal/03605442/36/11
http://www.sciencedirect.com/science/article/pii/S0957417411012280
http://www.sciencedirect.com/science/article/pii/S0957417411012280
http://www.sciencedirect.com/science/article/pii/S0957417411012280
http://www.sciencedirect.com/science/article/pii/S0957417411012280
http://www.sciencedirect.com/science/article/pii/S0957417411012280
http://www.sciencedirect.com/science/journal/09574174
http://www.sciencedirect.com/science/journal/09574174
http://www.sciencedirect.com/science/journal/09574174/39/5

IIT International Scientific and Technical Conference “Energy Systems” IOP Publishing
IOP Conf. Series: Materials Science and Engineering 552 (2019) 012016 doi:10.1088/1757-899X/552/1/012016

model of the generating company operation in modern circumstances| Novosti Tomskogo
politekhnicheskogo universiteta. Inzhenerno-geologicheskiye resursy Vestnik Tomskogo
politekhnicheskogo universiteta Geo As Inzhenernyye nauki vol 329 pp 146-58 [In Russian]
[23] Yu A Sekretarev et el. 2017 Optimal noe upravlenie nagruzkoj e nergosistem v sovremenny x
usloviyax [Optimum load management of power systems in modern circumstances monograph]
(Karaganda: KSTU) p 162 [In Russian]
[24] D N Haiman 1992 E'konomika e'nergetiki: osnovy' teorii [Modern microeconomics: the
analysis and application] (Moscow: Finance and statistica) p 384 [In Russian]
[25] L B Melamed and N I Suslov 2000 Sovremennaya mikroe 'konomika: analiz i primenenie
[Economy of energetic bases of theory] (Novosibirsk: Rossijskaya akademiya nauk ) p 180
[In Russian]
[26] V M Sincov and A V Bogoslovsky 1973 Optimizaciya rezhimov e'nergeticheskix sistem
[Optimization of power systems modes] (Kiev: Vyshskaya shkola) p 274 [In Russian]



