E3S Web of Conferences 289, 01012 (2021)
Energy Systems Research 2021

https://doi.org/10.1051/e3sconf/202128901012

Analysis of existing methods of distribution of fuel costs in the

combined generation of electric and thermal energy

Evgeny Boiko?, and Aleksandr Strashnikov'”

1Siberian Federal University, Krasnoyarsk, Russian Federation

Abstract. The analysis of the data obtained both according to the official, approved by the regulatory
documents of the current legislation of the Russian Federation, methods of fuel separation in the combined
generation of electric and thermal energy at CHPP and known alternative methods is carried out. It is shown
that all methods have significant disadvantages in their application and need to be replaced by the only one
method that will be a compromise for the entire professional community. The target area of the distribution
of specific indicators for the desired only one method is identified and justified.

1 Introduction

The priority of combined generation of electric and
thermal energy in power plants is a generally accepted
principle. This allows us to solve the problems of
increasing energy and environmental efficiency, reducing
specific fuel costs, cost and tariffs [1,2]. One of the
components of the solution of this problem is an objective
assessment of the technical and economic attractiveness
of generating enterprises that provide combined heat and
electricity generation in terms of a scientifically based
distribution of fuel costs. In this setting, the availability of
an adequate method for calculating the specific
performance indicators of power generating plants can be
an effective tool for the development of the industry [3].
Among the main requirements that must be presented to
this method are: ensuring a reduction in specific fuel
consumption and, as a result, a reduction in physical fuel
consumption; creating conditions of investment
attractiveness for the modernization, reconstruction of
existing and construction of new energy-efficient power
plants; compliance with the economic interests of all
participants (generating companies, consumers of electric
and thermal energy, regulatory authorities, etc.).

It is known that fuel costs account for up to 2/3 of
energy production. Accordingly, the use of various well-
known methods of separating fuel costs between the
generated electric and thermal energy is a fundamental
factor affecting the formation of tariffs for consumers [4].
This situation is further aggravated by the fact that there
is an objective contradiction in the understanding of the
cost-effective tariff for various groups of consumers
(industrial enterprises, the population, etc.), as well as
generating companies, for which it is extremely important
to be competitive both in the heat market (competition
with boiler houses) and in the market of electric energy
and capacity (competition with nuclear, hydroelectric and
condensing power plants). Taking into account the above,
in order to solve the problem of developing a generating
company specializing in the combined generation of
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electric and thermal energy, it is important to create rules
for setting tariffs for a long-term period [3].

2 Overview of methods

In the Russian Federation, the main accepted official
method is the physical method. On the basis of the
physical method, the method of tariff formation for
thermal energy "Alternative boiler house" is developed.
The specified methodology is fixed by the normative
documents of the current legislation.

The presence of significant disadvantages of the
physical method, the main of which is the principle of
qualitative equality of the electric and thermal energy
produced at the CHPP [5-10], has led to the development
of a number of alternative methods, which are based on
both thermodynamic principles of combined production
of both types of energy, based on the first and second laws
of thermodynamics, and economic, the essence of which
is reduced to the difference in approaches to the
distribution of the total amount of fuel consumed in
combined production between the generated electric and
thermal energy [5,7,8,10].

The most well-known and well-studied method is the
exergetic method for estimating specific characteristics,
but, despite the presence of obvious advantages over the
physical method, it has not received practical application
[5-10]. In the works [5,7-9] a number of disadvantages of
the exergetic method are indicated, one of which is that an
increase in the specific fuel consumption for electricity of
the CHPP will undermine the development of heat
generation in Russia, as one of the main directions of heat
power engineering [7].

In Europe and the United States, the Wagner method
(equivalent condensing power plant) is adopted, which
uses as a base value the specific fuel consumption for
generating electric energy by steam turbine units of the

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 289, 01012 (2021)
Energy Systems Research 2021

https://doi.org/10.1051/e3sconf/202128901012

condensation type. The introduction of this method has
led to the development of heating and the overall increase
in energy efficiency in these countries [10-15]. However,
in the Russian Federation, this method has not received its
application due to the need and complexity of creating an
information-intensive system of statistical reporting on an
alternative energy supply option [5,8]. Also, the Wagner
method, physical and exergetic methods contradict the
logical requirement to have specific indicators lower for
the combined method of producing electric and thermal
energy than for their separate production.

The ORGRES method, currently used by the
generating companies of the Russian Federation, was
developed and introduced on February 1, 1996. The need
to develop a new method was that the used of the physical
method in calculating the tariff for electricity and heat in
market conditions led to an absurd situation: Thermal
power plants proved to be uncompetitive in the heat
market, industrial enterprises and the population began to
refuse to buy heat from thermal power plants en masse
and build their own boiler houses and heat generating
units. Accordingly, to correct this situation, everyone
recognized the need to increase the share of costs

associated with the CHPP for electricity production (and
thereby reduce the cost of heat), and on the other hand,
this process should not lead to a sharp redistribution of
fuel costs in favor of heat, as when using the exergetic
method. In this regard, the method proposed by ORGRES
was adopted for use as a transition from physical to more
advanced [5]. Its implementation has had a positive
impact on the development of heating and the overall
increase in the efficiency of the Russian energy sector.
However, the main and significant drawback of this
method is that it was adopted as a basic one rather for
political reasons, in order to stop the mass refusal of
consumers from centralized heat supply from thermal
power plants and the transition to individual heat supply
from their own boiler houses, which, as a result, leads to
an artificial, predetermined and inflexible distribution of
the resulting effect from cogeneration in the proportion of
about 20% for thermal energy and about 80% for electric
energy [9, 14], and for some modes, the allocation of
electric energy costs by the ORGRES method is more than
when using the exergetic method [5].
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Thus, the known alternative methods also have their
drawbacks and are not fully acceptable to replace the
official methods.

3 The SFU method

In such a situation, it is an extremely interesting task
to find or develop a new method that is designed to
eliminate the shortcomings of existing official and
alternative methods and is a compromise option for the
entire professional community. To solve this problem, the
results of calculations of known methods were analyzed
(Fig. 1) [7-9].

As can be seen from the figure, the linear dependence
of the specific indicators on each other leads to the
distribution of the areas of the known methods according
to a linear law in a kind of conditional corridor and,
accordingly, finding the desired target area is possible
only within the boundaries of this corridor.

All known methods are characterized by a abrupt
transition of the region of specific parameters in the case
of separate energy production to the region in the case of
combined production. Accordingly, this gap is maximal
for the exergetic method, and minimal for the ORGRES
method.

The target distribution area does not allow for a gap in
specific indicators during the transition from separate
energy production to combined production, which reflects
the logic of a smooth change in the operation mode of the
CHPP, rather than a abrupt one. Thus, minimal changes in

the operating mode of the CHPP have a minimal impact
on the change in specific indicators and vice versa,
respectively.

The Siberian Federal University has developed a new
method (hereinafter referred to as the SFU method),
which eliminates the shortcomings of the known methods
and its results are in the identified target area. Currently,
the SFU method is being tested on models of real thermal
power plants [16].

The target area, in relation to the areas of known
methods, provides an optimal distribution of specific
indicators and can be a compromise option for observing
the economic interests of all participants (generating
companies, consumers of electric and thermal energy,
regulatory authorities, etc.) [1-4, 10, 14-17].

3.1 The SWOT analysis

In part, this conclusion is confirmed by the results of
the SWOT analysis of the considered methods for
assessing influence the specific characteristics on the
socio-economic indicators of the industry. The analysis
was based on a number of internal and external factors
that determine the effectiveness of the approach, in
particular, the internal factors were attributed to:
compliance with the physical and logical requirements of
the production of electric and thermal energy in the
combined cycle; technical and economic feasibility;
reduction of specific indicators for both the production of
heat and electric energy in the development of heating;
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Fig. 2. Results of the SWOT analysis of comparison of various methods for estimating the specific fuel consumption for the production

of electric and thermal energy in combined cycle

external factors include: creating conditions for the
development of central heating; creating conditions for
strengthening the competitive advantages of thermal

power plants in the heat and electricity markets; creating
conditions for the investment attractiveness of
modernization,  reconstruction of existing and
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construction of new energy-efficient power plants;
respecting the economic interests of all participants
(consumers of electric and thermal energy, generating
companies, regulatory authorities, etc.). The results of the
SWOT analysis are shown in Figure 2.

The results of the SWOT analysis show that the use of
the exergetic method, the Wagner method and the
physical method is not able to meet the requirements of
the socio-economic development of the industry, in fact,

as well as the ORGRES method, which once again proves
its inefficiency, low objectivity and political orientation.
The best indicators of SWOT analysis are provided by the
SFU method of estimating specific characteristics in the
combined generation of electric and thermal energy.

For the development of the SFU method, the main
basic schemes of heat and electric energy generation were
considered, the characterizing specific indicators and their
mutual location relative to each other (Fig. 3).
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Fig. 3. Basic schematic diagrams of heat and electric energy generation (a) heat energy generation at the boiler house (b) pure
condensation electricity generation at the CPP (c) combined heat and electric energy generation at the CHPP in the central heating
mode (d) combined heat and electric energy generation at the CHPP in the backpressure mode

3.2 Formulation

The obtained effect of SWOT analysis, when using the
SFU method, is achieved by the fact that 2 limit modes of
operation of the CHPP are fixed (Fig. 4): the least
efficient, characterized by separate generation of electric
and thermal energy and having the maximum values of
the specific indicators of b&»%* and bLEm%*, respectively,
and the most efficient, characterized by the operation of
the CHPP in the central heating mode at the maximum
thermal power of Q%,» and the corresponding electric
power of W/&,p, and having the minimum values of the
specific indicators of b&Gr* and bESR accordingly. It
also shows the operation mode of the CHPP with
backpressure, at the maximum thermal power of
Qbackpress. and the corresponding electrical power of
Wiackpress, and having the lowest values of the specific
indicators of bgemt . and biemin o accordingly.

The intermediate values of specific indicators within
the ranges "bERI - BESR*" and "bER - biemer
correspond to the partial loads of the CHPP and are
located inside the area highlighted in green. Part of the
electrical energy generated in the condensation cycle is
highlighted in the red area and characterizes the addition
to the specific indicator for electrical energy.

Recent developments, such as the rejection of the
ORGRES method, the return to the physical method, the
introduction of the "Alternative Boiler House" tariff

setting method [2] leads to the formation of overestimated
specific fuel consumption for thermal energy, which, as a
result, leads to an overestimation of the cost of production
and, accordingly, the tariff for thermal energy, which, in
turn, leads to a violation of the economic interests of the
main group of consumers — the population [14, 15, 18].
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At the same time, the reduction in the tariff for electric
energy satisfies only such a consumer as industry, since
for the population this reduction does not compensate for
the increase in the cost of thermal energy. So, in the
structure of the utility payment for the population, the cost
of heating and hot water is up to 40%, and electricity is up
to 20%, with a proportional decrease in the cost of
electricity and an increase in the cost of heat, the total
utility payment for the population will be higher [4]. And
of course it is necessary to take into account the fact that
the tools for regulating the consumption and payment of
electric energy are available to the population (this is tariff
differentiation and the availability of various energy
efficiency classes of household equipment on the market,
etc.), but the consumption of thermal energy for heating
is almost impossible to regulate, since the cost of the
service is tied to the area of the room (m? is taken into
account). And in this situation, it is possible that the
choice of the method can still act as a tool that will allow
to regulate the payment for thermal energy by consumers.

Thus, all the technical, thermodynamic, and economic
grounds for searching for and replacing the existing
methods for estimating specific indicators of fuel
consumption for the production of electric and thermal
energy in combined cycle have been created for a long
time.

Since the physical method is in the extreme position
of the distribution area of specific indicators (Fig. 1) and
has the minimum specific indicators for the production of
electric energy, respectively, the introduction of the SFU
method, with combined energy production, will lead to a
redistribution of the fuel component in the tariff in the
direction of increasing fuel costs for electricity
generation, which, accordingly, will lead to an increase in
the cost of KW*h and, accordingly, a decrease in fuel costs
for the production of thermal energy, which will lead to a
decrease in the cost of Geal [17, 19]. In the future, the
reduction of the tariff for thermal energy in combined
generation will increase the economic efficiency of
central heating, which will lead to a more active
replacement of boiler houses and the new construction of
power facilities with combined energy production [20].
On the other hand, it can be seen that the replacement of
the ORGRES method will lead to a decrease in the
specific indicator of fuel costs for electricity generation,
due to a wider range of specific indicators of fuel costs for
heat generation. This will increase competition in the heat
market and, accordingly, improve the opportunities for
CHPPs to compete in the electricity and capacity market.
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3.3 Mathematical calculations

Creation of the SFU method for estimating the specific
indicators that ensure the achievement of the target
function (see Fig. 1) it is carried out based on the
following logic. From the graph (Fig. 4), we fix b5/ as
the minimum value according to the logical condition that
the operation of the CHPP in the central heating mode at
the maximum thermal power of Q% and the
corresponding electrical power of W{&pp is the most
efficient mode and make the ratio:

te

bpoiter _ ﬂ (1)
ptemin T n

CHPP m

Equation (1) reflects the dependence that the closer the
steam selection is made to the steam start of the turbine
and the enthalpy in the heat selection hy, tends to the
enthalpy of the hot steam hg, the closer the parameter
bEemin to hEMAX and in the limit when hm = ho, which
characterizes the physical stop of the steam turbine, and
the CHPP operates in the boiler room mode, when the
steam from the boiler through the RCU (Reduction
cooling unit) is sent to the network heaters, in this case
piemin = ptemax and respectively, the further away from
the steam inlet of the turbine and closer to the condenser
the steam extraction is performed, the hE/Ra tends to its
minimum value. Accordingly, this encourages the
extraction of steam at the lowest steam parameters,
increasing the initial steam parameters, since this will
eventually lead to lower specific indicators for both
thermal and electrical energy.

Thus, it turns out that the width of the range bR -
bEemax  depends on the initial parameters of the steam
and the point of steam extraction, further the range
absolute and specific indicators for the production of
electric energy is formed and the distribution of specific
indicators formed by depending on the mode (specified
load) within these ranges.

Fuel consumption for electric power generation,

Bee = B — b7 * Qipp @)

where B is the total fuel consumption, kg;

Further, to calculate the specific indicators for
different modes of operation of the CHPP, the following
data are required: Wyoap - electric power at a given load,
MW:; QLoap — heating power at a given load, Gcal; BLoao
— total fuel consumption at a given load, kg.

Specific indicator consumption of conditional fuel for
thermal energy at a given load, kg/Gcal
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Specific indicator consumption of conditional fuel for
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electrical energy at a given load, kg/(kwW*h)

BEGap
biGap = Winan (6)
LOAD

3.4 Approbation

To calculate the feasibility and efficiency of the SFU
method for estimating specific indicators fuel
consumption in the combined generation of electric and
thermal energy, an analytical experiment was performed
in relation to the evaluation of the performance indicators
of the turbine units PT-25-90/13, PT-60-90/13, BP-85-
8,8, BP-100-130 of the Krasnoyarsk CHPP-1, T-100-130
and PT-135/165-130/13 of the Krasnoyarsk CHPP-2, T-
185-130 of the Krasnoyarsk CHPP-3 and PT-80-130/13
Minusinskaya CHPP [21].

) Do, Po, to , ho 7__7__,/-"""'/
T — We

7 4,0 400 3224
| S

Dy, P, t h|
0,5 189 2833

D2, P2, t2 ,h2 -
0,115 104 2608 | <

DdD

Pu:
‘ 0.13 ‘

| )
Dew,fen , heww : Nl Y
FP 24 101] > LPH-1

Fig. 5. The principle thermal scheme of the CHPP: We = 8 MW,
Qte = 30 Geal

/ 13 u 545 345& O e T
I Ir o : 7N We
. %
7777777777 o e e L
| : f I N Y//‘ EG
27 5265080 I . DB 4, b
B s 0,003 24 2128
Dz, P; . he T
‘ 14 2522932 INH _HC
Ds P: & ,hs L) 7 AN
sl s 03 1342674 DsPe § /1
i 0,12 105 2543
HPH-2 N -
; & [e] {yNP
bl A

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 6a. The principle thermal scheme of the CHPP:
We =80 MW; Qte = 100 Gcal; hm = 2543 kJ/kg

JDoPo, 1o,
£ 13,0545 3458 I e ©

Dy, P, t.h
SB ‘2] 325‘ 30(;7 T

Dz Pyt h:
1,4 2522932
Ds, Ps, t.h
03 134 2674
Ds Ps, fo he
02 1202614

Fig. 6b. The principle thermal scheme of the CHPP:
We =80 MW; Qte = 100 Gcal; hm = 2674 kJ/kg

A number of examples of calculated thermal schemes
are presented in Fig. 5 and 6.

A comparative analysis of the calculated data obtained
for all the thermal schemes presented above shows that for
the 8 MW CHPP scheme, due to lower initial steam
parameters, as well as due to a higher value of the
enthalpy of the selection steam used for heating purposes,
the specific fuel consumption indicators were
significantly higher than for the 80 MW CHPP thermal
schemes, so for the specific fuel consumption indicators
for thermal energy, the values were 141 — 161 kg c.f./Gcal
(Fig. 7a) versus 118 — 161 kg c.f./Gcal (Fig. 8a), 124 —
161 kg c.f./Gcal (Fig. 9a), for specific indicators of fuel
consumption for electric energy, the values were 268-402
g c.f./(kw*h) (Fig. 7a) against 276 — 357 g c.f./(kw*h)
(Fig. 8a), 287 — 357 g c.f./(kW*h) (Fig. 9a).

Thus, the application of the SFU method reflects the
feasibility of increasing the initial parameters of steam to
reduce the specific indicators fuel consumption.

For the 80 MW CHPP scheme with the steam enthalpy
in the selection hy = 2543 kJ/kg, the specific fuel
consumption indicators were lower than for the 80 MW
CHPP scheme with the steam enthalpy in the selection hy,
= 2674 kJ/kg and amounted to 118 — 161 kg c.f./Gcal (Fig.
8a), for the specific fuel consumption indicators for
thermal energy against 124 — 161 kg c.f./Gcal (Fig. 9a),
and, accordingly, the specific fuel consumption indicators
for electrical energy 276 — 357 g c.f./(kw*h) (Fig. 8a) vs.
287 — 357 g c.f./(kw*h) (Fig. 9a).

In this regard, the use of the SFU method explains the
efficiency of steam extraction at lower parameters to
reduce specific fuel consumption indicators.

The results of the calculation by the SFU method, in
relation to various typical schemes of thermal power
plants (Fig. 5, 6a, 6b), exactly fall into the target area of
the distribution of specific indicators (Fig. 1, 7, 8, 9). Itis
shown that with an increase in the heat load, an increase
in the nominal parameters of steam, a decrease in the
parameters of selected steam, the specific indicators for
both electric and thermal energy decrease, which
improves the competitive advantages of thermal power
plants in the markets of thermal and electric energy and
capacity, as well as creates conditions for competition
between different thermal power plants, promotes the
development of central heating.

The results of the calculation according to the 4 known
methods (Fig. 7, 8, 9), tested on the schemes of the CHPP
of the Siberian Generating Company LLC (Fig. 5, 6a, 6b),
show a linear dependence of the specific indicators from
each other and are located along the conditional corridor,
in accordance with the data (Fig. 1). At the same time, the
results of the calculation by the SFU method exactly fall
into the target area of the distribution of specific indicators
(Fig. 1, 7, 8, 9). In fig. 7b the specific indicators for
electric energy obtained by the calculation using the
ORGRES method turned out to be significantly higher
than when calculating using the exergetic method, which
clearly demonstrates the manifestation of one of the
disadvantages of the ORGRES method [5].
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3.5 Impact on tariffs

Of particular interest is the extrapolation and
comparative comparison with alternative methods of the
proposed method for calculating specific characteristics in
the combined production of electric and thermal energy
for the size of the calculated tariff (see Table 1).

According to the results of the comparative analysis
presented in Table 1 it can be seen that the average

calculated indicators of specific fuel consumption for
thermal energy when using the proposed SFU method,
relative to the physical method, are 20% lower. The lack
of consideration of this fuel economy effect in the
production of thermal energy leads to the fact that the
tariff for thermal energy based on the physical method,
which is the basis of the "Alternative Boiler House"
approach, is overstated by 10-15%.

Table 1. Influence of the method choice on the formation of the heat energy tariff

Name of the | Average calculated Calculated Calculated Average calculated Calculated cost of
method indicator of specific tariff, reduction in indicator of specific electricity production
fuel consumption rub/Gcal the cost of fuel consumption for ata CHPP,
for thermal energy, thermal electric energy, rub/(kw*h)
kg c.f./Gcal energy, % g c.f./(kw*h)

Exergetic 106,5 1600 — 1750 20-25 334 0,75-0,77
ORGRES 1255 1750 — 1900 15-20 322 0,74-0,75
SFU 139,5 1900 — 2000 10-15 315 0,73-0,74
Physical* 176,4 2200** - 292 0,70

*—according to the Ministry of Energy, the calculator for calculating the cost of thermal energy (capacity) using the "alternative
boiler house" method (ABH method), http://instrument-ak.minenergo.gov.ru, initial data is the Krasnoyarsk Territory, fuel coal;
** _ average tariff for the settlements of the Krasnoyarsk Territory.
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Thus, the use of the proposed SFU method for
calculating specific characteristics for combined
generation of electric and thermal energy can be
considered a scientifically-based compromise for
assessing the long-term tariff, taking into account the
interests of all participants in the heating market,
including the main group of consumers — the population.
At the same time, the increase in the cost of electricity
production will be only 0.03-0.04 rubles/(kWh), which is
4-5%, what for formation of the final tariff of 4-5
rubles/(kwW*h) has no practical effect.

The use of the proposed SFU method, as the only
official one, will allow for the correct comparative
technical and economic modeling of energy supply
options for consumers, taking into account the long-term
development, and the definition of tariff rules based on
the decisions made on the selected option will create the
necessary long-term conditions for the investment
attractiveness of modernization, reconstruction of existing
and construction of new energy-efficient power plants,
which will fully meet the economic interests of
consumers, and generating companies. Meeting the
economic interests of all participants in the heating market
is one of the main components in solving the strategic task
of improving the energy efficiency of the industry.

Conclusions

1. The paper shows the imperfection of the existing
methods for assessing specific indicators in the combined
production of electric and thermal energy (exergetic,
physical, ORGRES method), which leads to the
emergence of objective contradictions between the
participants of the heating market, manifested in non-
compliance with economic interests in terms of reducing
specific fuel consumption, creating conditions of
investment  attractiveness for the modernization,
reconstruction of existing and construction of new
energy-efficient sources of energy supply.

2. Based on the calculated and comparative analysis of
existing methods for assessing specific characteristics, the
target range of values is determined, the achievement of
which ensures an optimal distribution of specific
performance indicators of the CHPP, which is a
compromise for all participants in the central heating
market.

3. The SFU method is proposed, based on logical
requirements, matching the degree of change in the
operation mode of the CHPP to the degree of change in
specific indicators, obtaining specific characteristics in
the combined production of electric and thermal energy
lower than in their separate production, reducing the
specific indicators for heat and electric energy with an
increase in the heat load, increasing the initial steam
parameters, using selected steam with lower parameters,
and also devoid of the disadvantages of known methods,
primarily the method of JSC "Firm "ORGRES" and the
physical method.

4. The use of the proposed SFU method for estimating
specific characteristics in the combined production of
electric and thermal energy allows for a 10-15% reduction
in the tariff for thermal energy relative to the physical

method "Alternative boiler House" , with an increase in
the cost of production of electric energy by 4-5%, which
practically does not affect the formation of the final tariff
for electric energy and provides a cumulative effect on the
economic attractiveness and development of the energy
industry as a whole.
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