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Abstract: It has been proposed the application of an optimization criterion based on properties of target functions, taken
from the elements of technical, economic and thermodynamic analyses. Marginal costs indicators of energy for different
energy products have also been identified. Target function of the power plant optimization was proposed, that considers
energy expenditure in the presented plant and in plants closing the energy sources generation and consumption balance.

AHHOmtllﬂlﬂ.’ Hpedﬂoofceﬂo Uucnovb306amntov Kpumepuﬂ onmumusayuu, OCHO8Y KOmopozco cocmaejisiiont ceoticmea yejeevlx
qbynkum?, B3AMmMblX U3 DT1eMEHMOE MEXHUKO-IKOHOMUYECKo20 U mepModuHaMuquKoeo AHAIU3086. Onpedeﬂeﬂbz nokasameau
3AMBIKAIOWUX 3aMpam 3Hepeul Ha pasiuukvlie 6udvl dHepeemuueckou npodykyuu. Ilpeonosicena yeneeas @yukyuu
onmumuzayuu 3H€p2€mult€CK011 ycmarnoeKku, ydumbvlearowias 3s3ampamvl IHepeuu 6 paccmampueaemyro yYCmanoexK), 6
3amvikarouwiue yCcmaHnoeKu, 6bzpa6omi<y u nompe@zeHue IdHepeopecypcoes, Komopwvle USMEHAIOMC A 6 paccmampueaemom
eapuarme.
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Kniouesvie cnosa: TemnoBas sHepreTHdeckas YCTaHOBKAa, J((QEKTHBHOCTh OKCIUTyaTalldy, MeieBas (yHKIUS
ONTUMHU3ANHU, 3aMbIKAOIIUEC 3aTPAThI DHECPIUH.

1. Introduction

Currently methods of efficiency analysis are being developed and applied, based on optimization tasks for various types
and modes. Usually, the optimization criterion for these objectives is efficiency that can be calculated in various ways, for
which there is no concurrent views.

The target function based on minimization of given cost that allows comparing options with the same useful effect is used
to search for the best indicators of power plants operated within the system. Marginal costs on the amount of difference in the
useful effect are introduced to the target function in case of various useful effects. The criterion of selecting the best power
plant from an economic point of view is the difference between the reduced costs of the considered and the basic options, but
this approach does not allow using the results for long-term projections. Such approach depends on the situation and does not
reflect the real costs. The value of the target function to optimize the effectiveness of the technical-economic method is not
"marginal” and does not allow assessing the impact of various processes on the overall option efficiency.

Therefore, the development of the efficiency criterion that considers the changing needs of the energy system is relevant for
analyzing the power plant.

2. Analysis of literature data and problem statement

In [1] it has been considered the problem of search system optimization for parameters of the dynamic protection system of
the spacecraft in outer space. It is important to find an acceptable solution between thermal efficiency indicators and the
starting value of such a system. Results obtained when solving the problem of determining the optimal parameters of
effectiveness of the existing thermal power plants are given in [2]. The obtained results presented a variety of solutions being
based on only energy or exergy or exergy-economic indicators. The advantages and disadvantages of their application in
optimizing parameters at coal thermal power plants have been demonstrated. The resulting solution showed the advantage of
gaseous fuels application in combined cycle and cogeneration power plants compared to coal thermal power plants. In [3] there
have been presented results of solving the task for optimum distribution of shares of electric power generation within the
power system between the nuclear power stations, renewable energy sources and conventional thermal power plants. In [4]
there has been shown the possibility to analyze energy technology objects in close connection with the energy system by the
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optimization criterion that considers properties of both the thermal efficiency indicators and economic feasibility. At this, the
control surface includes a system where the considered plant is being operated.

An approach to the optimization of heat exchange equipment based on minimizing life-cycle costs in monetary terms has
been proposed in [5]. This method allows to jointly optimize both one-off costs in equipment and operating costs for
purification from salt deposits. This approach of searching the efficiency through optimization methods is specific to the large
size equipment or the large number of small units.

Work [6] discusses a method of analysis of efficiency and optimization of parameters of biomass combustion process in
both the power plant and in the cogeneration plant. The presented approach is used to analyze and optimize management
strategies for the energy equipment structure.

In [7] it has been shown that the application of mathematical modeling and pinch analysis makes it possible the application
of insolation in combination with the solar thermal system and a heat pump into the conventional power structure of the
canning factory. There were analyzed a variety of technological disturbances based on real cases of the production process to
determine the effectiveness of this technological scheme. The resulted energy potential of this combination in an industrial
process has proved its effectiveness.

The examined material suggests that methods of task programming may be applied to formation of the target function of
optimization for different energy technologies according to the criterion of efficiency. Thus, currently there is no single
approach to consideration of the power plants performance indicator which simultaneously make provision for energy,
economic and energy-economic criteria within the target function of optimization for analysis.

The analysis of literary sources has revealed that the relative energy performance indicators can be used for the formation
of the target function of optimization. Analysis of optimization problems solved has shown that it was insufficient to use only
the energy or energy-economic criteria of efficiency in the target function because it doesn't account for the system
requirement.

Expressions given in [4], using the above criteria, do not give satisfactory results. Moreover, based on these expressions, it
is impossible to determine the shortage of one kind of energy production and overproduction of another kind in the system.

At the same time, with another approach it is recommended to use feasibility or other specific indexes to form the target
function, for example, costs associated with environmental measures [3, 4].

The account of deficiency or excess of energy production in the target function can be carried out using techno-economic
and environmental indicators.

As a rule, the impact of initial arguments on the extremum of the target function in the feasibility and thermodynamic
approaches give opposite results. Search of methods for constructing target functions of optimization of power plants for the
application of thermoeconomic and thermoecologic analysis for the formation of the efficiency criterion.

Application of thermoeconomic and thermoecologic analyses for the efficiency criterion formation provides more objective
results.

In [4] there has been proposed the formation of performance indicators to be carried out in close connection with the energy
system. In this case, the control surface includes the energy system, the analyzed plant and the ecological system of emissions
rationing.

As a rule, optimization of power plants is carried out by any parameter or group of parameters. The recording method for
such a target function is quite simple. Currently, the redundancy of the generated power plants in the system dominates to
ensure reliability. The fast change in quantity of the consumed energy production in the system is carried out. In general, more
than one plant run within the system. A number of plants can generate various types of energy products. Therefore, the method
of determining the target function of optimization should take into account possible changes in the structure of the system
consisting of power plants operating for it. This target function must allow performing structural optimization of the currently
used plants within the system.

Based on analyses of determinations of the energy flows conversion efficiency in different plants we may conclude as
follows: currently, the indicators of operation efficiency of the power plant converting primary energy into the electrical or
thermal one are applied. No comparison of conversion efficiency of the fuel used by different plants was carried out. In
addition, the systematic demand for energy was not considered in calculations of efficiency. Therefore, further development of
methods for searching the performance indicators to optimize the power plants operation within the system is needed.

3. Purpose and objectives of the study

The purpose of the work is to develop a method of determining the target function based on the criterion of operating
efficiency of the power plant operating within the system.

The following tasks were to be solved to achieve the set goal:

— development of a method for determining the marginal energy fuel costs;

— development of a method for determining the marginal energy costs on heat and electricity;

— development of performance criteria and formulation of optimization task for the products output at the power plant.

4. Method of determining the marginal energy fuel costs

Marginal energy costs ¢; consist of two components: capital and operating. The capital component is determined by the
energy input on creation of the plant under ecological standards. The range and quantity of materials (steel, concrete, brick,
non-ferrous metals, etc.) expended on the project for construction and manufacture of power plant is well known, therefore, the
total energy costs can be estimated. Regulatory return rate to capital investment for the new equipment makes p=0,15. The
same value will be taken for the energy cost on creating the plant. The rate that takes into account the energy input on current
costs when creating a plant is taken numerically the same as the one when determining the technical and economic efficiency.
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Operational component of the marginal energy costs is determined by the amount of primary energy for the plant operation
based on the type of fuel burned.

Let’s reduce the gaseous, liquid and solid fuel to a common environmental influence. We will take gaseous fuel having a
minimal impact on the environment as a base. When using liquid fuel it is necessary to expend the additional amount of
primary energy on sulfur and carbon treatment. The combustion of solid fuel takes more energy for ash removal and sulfur
retaining. It is necessary to consider the ease of combustion and storage. Obviously, the liquid fuel is most valuable and
convenient from this point of view. However, the fuel, both solid and gaseous, can be turned into a liquid (e.g. methanol or
LPG).

Based on the above, 1 MJ of liquid fuel energy shall not be equivalent to 1 MJ of solid or gaseous fuels energy. Therefore,

when calculating the energy expended for the plant operation, we must enter the relevant fuel type factor.
Since these factors are determined by the amount of energy used for the extraction and processing of fuel, they are of more
stable and objective character. We must enter the appropriate coefficients to account the cost of primary energy for transport,
production and processing, as well as for compensation of environmental impacts for different types of fuels. First of all, it is
necessary to determine costs of primary energy on interconversion of fuels to determine the marginal output of energy for
different energy products.

Energy expenditure on solid fuel cleaning can be estimated at 5 %, and for purification of liquid fuel at 3% of the released
energy. Expenditure of primary energy for extraction, transport for 1000 km and processing of various fuels are given in table.

Table 1 - Primary energy expenditure for extraction, transport, processing and interconversion of various fuels

Tvoe of fuel Energy consumption in MJ/t of a reference fuel
P Extraction Processing Transport Gasification Production
Coal 524 - 17,2 8,2 *103 5,3*103
Qil 364 1100 8,7 15,93 * 103 -
Natural gas 108 - 16,6 - 5,6*103
Coefficients taking into account the substitution of one fuel with another one, will have the form:
I,cf
- ~ —E;-E,-E3;—E
K s = |\?’cf n—E2—E3—F4 (1)
W Esl - EsZ - EsS - Es4
I,cf
wc - Egl - EgZ

9,8 = Alef
w _Esl_ESZ_Es3_Es4

l,cf
K' WC - Egl_ Egz - Eg4

9.l = Alcf
w —En—Ep—E;3—Ey

where QJV'Cf = 29300 J/kg — the lowest calorific value of a standard fuel,

Ej1, Eq1, Eg—energy for 1 ts.f. for liquid, solid and gaseous fuel;

Ei3, Eg3—energy consumption for purification of combustion products and removal of liquid and solid fuels residuals:
Ey4 —energy expended in the combustion of gaseous fuel;

E.,— energy expended in the conversion of 1 t.s.f. in coal to liquid fuel;

E,s —energy expended in 1 t.s.f in coal;

E,, — energy expended in processing of 1 t of a standard liquid fuel.

Calculation data for K

as» Kis, Ky, are given in Table 2.

Table 2 - Substitution ratio of different fuel types
Ratio Kis Kgs K.l
1,227 1,415 0,874

Numeric value

When calculating factors given in Table 2, the energy expenditure on mutual substitution of fuels is determined as follows.
8246 MJ/t.s.f is psent at gasification of one ton of solid fuel. It is assumed that the same amount of energy is spent also for
gasification of liquid fuel. Reduction of the resulting gases is occurred by converting them to methanol CH3;OH , which
process of formation takes place with the release of heat at 400 °C. At an ambient temperature of 290 K the exergy function of
this process makes z, =1-290/(273+400)=0,43.
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In the process of methanol production it is evolved Q,,=90804 kJ/kmol CH,OH of heat, which energy makes E, =
Qnm - 7. =90804-0,43 = 39046 kJ/kmol.

Let us consider the methanol — gas process where the methane content in gas makes 99 %. The calorific value of natural
gas Q\}\, =39507,0kJ/Nm?, at gas density 0,712 kg/m>. Initially the reaction of methane conversion for the production of

methanol is carried out, proceeding with the heat expenditure CH,+H,0=CO+3H,+195500 kJ/kmol, and then the reaction of
producing methanol CO+2H,=CH;0H-90804 kJ/kmol occurs.

As 1 t.s.f. in gas is equivalent to 581 kg of gas, the expenditure of primary energy on gaseous fuel transformation into the
liquid one will make as follows:

Q[ 195500 908041 49 0 581-5,62 Gt
16 16

Similarly, we can calculate the primary energy expenditure on obtaining methanol from solid fuels.

To determine the marginal energy costs it is necessary to consider the relative thermodynamic efficiency increase resulted
from substitution of solid fuel with the liquid or gaseous one and some reduction in costs of energy spent for construction of
plants. The relative deterioration of a thermal performance resulted from gas fuel substitution with the liquid one makes 3% for
all types of power plants. Then the real value of the substitution factor for calculating the energy of liquid and gaseous fuels,
compared to solid one, is defined as follows:

KI,s = KI‘,s 0,

s=| L] Hua
s ltog
where «,— a share of the changing variable energy costs for the construction of power plants, depending on the type of fuel
combusted; «, — a relative change of the variable part of energy costs for construction of plants when changing the type of fuel

combusted.
The substitution factor at the gas fuel combustion compared to the solid one

where 6 — multiplying factor, which is defined as:

Ty oo
s 1+
The substitution factor when replacing the liquid fuel with the gaseous one is defined as follows:

Kgs =Ky

g.s

Kgi=Kg, -3,
5:77_9.1"1‘0{1'612 ]
Results of calculation of the factor & fr various heat consuming enterprises are presented in Table 3, and factors K'g,s , Kll,s ,
Kg.1in Table 4.
Table 3 - The value of multiplier §
Consumer
Indicators Boiler-house TPP CPP
The relative increase in thermal efficiency when replacing 1,120/1,086 1,080/1,050 1,060/1,030
solid fuel with the gaseous/liquid one
The relative change of the variable part in the cost of 1,100/1,150 1,050/1,080 1,030/1,030

energy for construction of enterprises when replacing the
solid fuel (., )/ with the gaseous one

The value of 6 when replacing the solid fuel with the 1,100/1,140 1,060/1,090 1,03/1,070

liquid/gaseous one
Net calorific value of the fuel refers to the energy mass unit of any fuel.
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Table 4 - Values of the substitution factors K

Consumer
Indicators Boiler-house TPP CPP
The substitution factor for energy in the transition from solid fuel to
liquid/gaseous one Kll,s / K'g,. 1,35/1,61 1,3/1,54 1,26/1,51
The substitution factor for energy in the transition from liquid fuel
to gaseous one K 0.84 0.84 0.84

Thus, the proposed method of determining marginal costs of energy for fuel allows considering the different energy value
of gaseous, liquid and solid fuels. Such division will further permit to carry out calculations of marginal cost of energy for heat
and electricity.

5. Method of determining the marginal energy costs for heat and electricity

Marginal costs of energy consumption for heat and electricity are of local nature and their value depends on the type and
performance of thermal generating plants, characteristics of the received energy and of the type of fuel combusted.

Marginal costs of energy ¢; are determined similarly to marginal costs in economy. This value considers the energy expended
for construction and operation of rear plants taking into account the relative energy value of the fuel combusted.

(M“JH o

where o, oy, o, — factors that consider losses of energy for own needs, losses in networks and power reserves in the power

system;
P — regulatory return rate;

U € — constant part of annual energy costs;
E® — specific energy consumption for the plant construction;

E " — energy of the fuel used in the rear plants;
h — annual number of maximum power usage;

Eg — specific energy expenditure on energy distribution;

b® — specific consumption of specific fuel.

Energy expenditure for auxiliary equipment, buildings, structures, etc. are taken into account by a factor of 2 for energy
production carrying the base load (units K-300-240 consuming the Donetsk coal). By factor of 3 for gas turbines on natural gas
(units GT-150). And by factor of 1.3 for peak water-heating boiler on gas. Data processing allows estimating approximately
the weight of the basic equipment for the power of 300 MW in 5300 tons of steel weight of GT-150-180 t, the weight of peak
water-heating boiler is 500 tons. The energy expended in the production of the plant’s metal was taken to be equal 54,73
MIJ/kg, whereby it is possible to calculate the rear plants’ power unit costs.

The numerical values of factors «,,, «,, a, and the calculated components of the expression (2) are shown in Table 5.

Table 5 -Value of marginal costs of energy for different energy products

a; (PE® +U°) ‘ (| PEi+Up
Type of energy products | ag,, | ay h b E h . 4
. kg/KW.h | kj/kg ) kj/KW.h
kj/KW.h kj/KW.h
Basic electric power 1,06 | 1,08 190 0,326 27293 113 11642
Peak electric power 1,02 | 1,05 100 0,43 41459 70 19270
Failed electric power 1,02 | 1,04 190 0,34 27293 10 10055
Heat 1,01 | 1,08 200 0,144 | 47173 223 7851

For basic pants h=7000 hours/year for peak plants h=1000 hours/year, heat supply plants h=4000 hours/year. It was

assumed that b® =0,326 kg of a standard fuel for the base, b®= 0.43 kg of a standard fuel for peak plants.

It has been assumed for calculations of marginal costs of energy consumption that in a peak water-heating boiler the water
in an average winter mode is heated from 60 °C up to 120 °C. The average ambient temperature in winter is 0 °C. Time of
operation in summer is equal to 4100 hours, an ambient temperature - 20 ° C, temperature of the direct delivery water is 60 ° C
and 40 ° C for the return one. Thermal load in summer for hot water supply system is 30% of the winter load.
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For boilers with a capacity of 200 MW, the annual standard fuel consumption is Vg =149868,7 t/year, at the efficiency

factor of the boiler 7,,; =85 %. The total heat production during the year will make Wt =1,037*109 kW.h/year. Comply with

(1) we will receive cost-based energy for transport (p{k =7,851 MJ/KW.h. As seen, the fuel component makes the main

contribution to the value of marginal costs of energy per unit of the heat served to the consumer. So, analysis of calculation
results associated with the marginal costs of energy per unit of heat released to the consumer makes the fuel component. To
calculate the marginal costs of energy for electricity was taken to be the annual number of the installed capacity utilization for
basic plants h=7000 hours/year, the fuel used is coal. Energy of the mass unit of this fuel is approximately equal to the calorific
value; multiplying factors are not introduced in connection with the solid-fuel combustion.

The calorific value per mass unit of the standard solid fuel is reduced from 29,300 kJ/kg up to 27,293.3 kJ/kg. This is due
to the energy costs of extraction, transportation of solid fuel and purification of combustion products. The energy expenditure

of the plant construction make E; = 1,933.8 MJ/kW. Marginal costs of energy of basic electricity including the costs of
distribution make ¢, =11,642 MJ/kW.h.

As for peak power, the energy expenditure on creation of the plant give E; =197 MJ/KW.h. Marginal costs of energy of

peak electricity, provided gas combustion give ¢, =19,270 kJ/kWh.h. Marginal costs of failed electricity come to ¢, =

10,875k [x/kW.h. (Table 5).

Marginal costs of energy spent on energy products are implicitly the same to marginal costs (R/kW.h) widely used in the
feasibility assessment, and reflect not money, but energy categories. Dimension of the marginal costs of energy = MJ/MJ.

6. Development of performance criteria and formulation of optimization task for product generation by the power
plant

Let us consider requirements which the target function should meet. It is advisable to use the main advantages of the energy
efficiency index, its " boundedness " and "limitation", since all real processes are irreversible, i.e. are accompanied by energy
losses. Value of the efficiency indicator is always less than 1 and greater than O; the obtained useful energy product is always
less than the expended primary energy, including cost-based energy on creating a plant and environmental activities.
Therefore, the closer the value of the target function to 1, the better the system utilize the power plant.

Boundary conditions should be adopted to intercompare energy-generating plants by values of the corresponding target
function of optimization.

Solution to the optimization task must satisfy the system need. This requirement is met when calculating the performance
indicators. Change in settings of the plant scheme changes the ratio between different types of the energy products produced.
Consequently, a deficiency or an overproduction of a product must be compensated by change in generation on the closing
enterprises. It is necessary to consider systemic demand in failure, baseline and peak electricity in electric power generation.
Therefore, it is necessary to compensate for the resulting deficit (or surplus production) of a particular type of energy products
in the respective enterprises.

Relative value of the target function should also be considered in addition of different types of energy products. When
considering the plant operation within the system, it is advisable to sum up the elaborated peak, basic and failure electric power
with certain amendments made. In addition, it is necessary to summarize in the target function the energy expended in the
construction and manufacture of the plant with a factor that takes into account the lifetime and energy sources spent on the
plant operation.

From the material above it follows, that a performance criterion for the target function of optimization of the power plant
operating within the system, taking into account the operation of closing plants and energy cost on their construction, is as
follows:

_ Z?:l(Zinzl Eifsyst)fj
EpTexp +(p+0)Es (E p (7)) + zin=1AEiATi %

e 3)

%

where Ej g —

7 — time for the system to consume various energy products;

power needed to meet systematic demand in the i-th type of energy product;

E, —heat power of the plant in question;

Texp — Operating time of the plant in question;

+ AE; — deficiency or overproduction of power needed to meet systematic demand in the i-th type of energy product [W1];
Ar; — time of overproduction or deficiency of the i-th type of energy;

@, — marginal costs of energy spent on the i-th type of energy product;

p — regulatory rate of return on the cost of energy for construction;
g — factor that considers the ongoing costs of energy for environmental activities;
Esir (B (7) — energy expended in construction and ensuring ecological measures.
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This expression (3) differs from the previously known performance factors in the fact that addend considering the marginal
costs of energy o; for this particular type of product is introduced in the denominator of the expression.

The target function in the form of (3), made to optimize the power plant that runs within the system, can be upgraded to
select the best structure of the system involved. Such an approach on modernization is proposed in [8]. For this, the first term
of the denominator is replaced by the sum of energies supplied to the plants involved.

Let us write the general form of the mathematical model for the optimization task of the product generation by a power
plant in the form as follows:

f(Ep; 4Ey; 4E;;. A Egy; Ary; ATy} Az ) =17 —> MaX,

AE|< Ei ,i :]_.,_ﬁ
Ar (i =T
n
Texp 2 er

j=1

AEi y ATi , TEXD >0.

Thus, at the very core of the optimization task written is the efficiency criterion for the power plant operation (3). This
allows considering both the total systematic demand in all types of energy products, and expenditure of energy on creation,
environmental support and operation of the power plant involved, as well as the closing the energy balance plants.

7. Discussing the method of optimization task setting

The main advantage of the obtained method for the optimization task setting is the possibility to analyze the power plant
operation within the system to search for its maximum efficiency, which is evidenced in [9]. So, first, it is possible to obtain
fair results, as they are based on the objective costs of energy resources but not on their market value bearing an opportunistic
nature. Second, it is possible to obtain "limit" and conveniently optimized performance indicator of the power plant within the
system. The closer the value of the efficiency criterion to 1, the more efficient will be the power plant operation within the
system. Thirdly, there appears a possibility to compare the operating efficiency of plants with different energy vyield.
Possibility emerges to compare options of the power plant operation in case of changing its technological parameters. This
method does not allow comparing thermal and nuclear power plants operation, as the marginal costs of energy spent on nuclear
fuel is not known.

The developed methods for analysis and optimization can be applied to the best solution of any energy production of the
distributed type [10]. This method allows to analyze the operation of complexes producing biogas. A further direction of
research could be interesting in view of ability to analyze the substitution of gaseous fuel for biogas in power plants. In
addition, the proposed method could be of extreme support in optimizing the effectiveness of plants operating on renewable
energy sources. So, for wind and solar plants with the very high initial energy costs of their construction, it will be appropriate
to record them. However, it is necessary for the plant to define the value of the current capacity, which is random. In addition,
the question of impact of such facilities on the environment is under-explored, which makes it difficult finding values of the
factor that considers current energy costs spent on environmental activities.

8. Outputs

1. The work proposes a method of determining the marginal costs of energy for the fuel. The method is based on the
assumption on the necessity of bringing the considered types of fuels to a single energy and ecological effect. The system of
coefficients has been proposed, which allows considering the substitution of one fuel by another. The given expressions allow
to determine marginal costs of energy for solid, liquid and gaseous fuels. Given for example the calculation of an average
value for the marginal costs of solid, liquid and gaseous fuels.

2. The method of determining the marginal costs of energy for heat and electricity has been proposed. Values of the
marginal costs of energy for heat and electricity are determined similarly to marginal costs applied in the feasibility analysis.
The given expressions allow to determine marginal costs of energy of heat, peak, base and fail electrical energy. The marginal
costs of energy for each region take on different meanings and consist of two components: one-time at construction and the
annual operational one. Given for example the calculation of an average value for the marginal costs of energy of an energy
products.

3. The criterion of efficiency of the power plant operation within the power system has been proposed therein. The criterion
is based on properties of the performance criteria taken from elements of the feasibility and thermodynamic efficiency
analysis. The property of boundedness and the possibility of adding up different types of energy, considering their different
relative value, was used taken from thermodynamic analysis, and the property of consistency and balance of the options under
consideration were taken from the feasibility analysis.

The criterion was accepted as the basis for setting the task of optimization the product generation by the power plant.
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