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Abstract Existingmethodological approaches to determining the total energy inten-
sity of products and its components are presented. The methodological approach to
determining the direct (technological) energy intensity of products on the example of
combined production of energy at Combined Heat and Power (CHP) plants with the
allocation of energy costs for certain stages of the technological process is improved:
preparation of fuel, its submission to burners, burning in a boiler plant and the imple-
mentation of natural resources. This detailing of energy costs makes it possible to
compare options for upgrading power equipment across all power plant workshops.
Two types of CHP plant are considered: coal and gas, appropriate equipment struc-
ture, technologies that can be implemented to replace existing, less efficient ones.
Three variants of possible modernization of the CHP plant on coal fuel and two—on
natural gas are presented. The technological potential of energy saving in the case of
implementation of the modern technologies for the production of energy at the coal
CHP plant as more environmentally hazardous has been calculated, provided that the
environmental requirements and the implementation of environmental measures are
achieved. Effective technologies for reducing emissions of nitrogen oxides, sulfur
oxides and particulates have been considered as environmental measures.

Keywords Energy · District heating · Energy supply · Energy efficiency · Direct
energy intensity · Through technological energy intensity

1 Introduction

Combined generation of electricity and heat is a major trend in modern development
of energy supply systems in the world. The share of electricity production at the CHP
plants in Ukraine coincides with the share of district heating production in the G8 +
5 countries and is 11–19% [1]. In the EU countries, the heat utilization rate of the
CHP plants reaches 75%, compared to 55% inUkraine. The development of the latest
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technologies indicates the widespread implementation of innovative solutions at the
CHP plant with using renewable energy sources, including heat pumps, biomass,
solid waste incineration, electric boilers that use excess electricity from wind farms
and solar power station (SPS) with centralized heat storage.

The potential for the development of CHP plants in Ukraine is determined by the
extensive infrastructure of the district heating system, powerful heating boilers, and
backbone and distribution heat networks. Heating boilers with a thermal capacity
exceeding 20 Gcal (23.26 MW) make up 2% of the total installed capacity of all
heating boilers in Ukraine and produce about 60% of the total heat production. This
is the potential for the introduction of combined electricity generation technology in
cogeneration units.

In Ukraine, the combined production of heat and electricity at CHP plants, is
carried out at 34 city utility power plants, with an installed power of 2856.23 MW
and a heat capacity of 13466 Gcal/h, and at 87 thermal power plants of enterprises
with an installed power of 2705 MW and a thermal capacity of 17897 Gcal/h [2],
among which the largest installed capacity is the Kiev CHP-6 (750 MW), CHP-5
(700 MW) and Kharkiv CHP-5 (540 MW). In 2017, 6371 million kWh of electricity
and 11571 thousand Gcal of thermal energy were produced at the city CHP plants.
In 2017, the industrial CHP plants produced 4224 million kWh of electricity and
17522 thousand Gcal of thermal energy [2].

The structure of used fuel, according to the statistical report for 2017, is presented
in Fig. 1 [3].

As can be seen from Fig. 1, natural gas (51.1%) occupies the largest share in the
CHP plants, while coal (39%) occupy the second place.

Accordingly, CHPs that burn natural gas are large (500–2550 tonnes steam per
hour), medium (200–420 tonnes steam per hour) and low capacity (less than 200

Fig. 1 Structure of fuel use for conversion to thermal and electric energy at different CHP plants
in 2017 [3]



An Improved Approach to Evaluation of the Efficiency … 203

tonnes steam per hour). Coal CHP plants—medium and low capacity. The last are
few: Sumy CHP plant (40 MW, 350 Gcal/h), Darnytsia CHP plant (180 MW, 1080
Gcal/h), Chernihiv CHP plant (210 MW, 500 Gcal/h), Kalush CHP plant (210 MW,
500 Gcal/h). All CHP plants have steam turbine technologies. Types of boiler instal-
lations are different in design (with U-, T-shaped and tower layout and combustion
chamber), different types of burner devices are used [4, 5].

The share of natural gas in the structure of fuel use at industrial CHP plants (Fig. 1)
is almost the same as for city CHPs (52.6%), but blast furnace gas (27.3%) occupies
second place. Due to the greater variety of fuel used, boilers of industrial CHP plants
differ in their burners and accessories.

Increase the energy efficiency of the main and auxiliary equipment of a CHP
plant is an important task, since the National Emission Reduction Plan for large
combustion plants includes the following CHP plants: Darnytsa, Dneprodzerzhinsk,
Kramatorsk, Kremenchuk, Lviv, Mykolaiv, Odesa, Ohtyrka, Severodonetsk, Sumy,
Kharkiv, Kherson, Cherkasy, Chernihiv, Shostka, Mariupol (2 CHP plants), Simfer-
opol, Saky, Kamysh-Burun and industrial CPHs: Lisichans oil refinery, Alchevsk
metallurgical plant (MP), Makiivka MP, Avdiivka coke and chemicals plant, Ilyich
Iron and SteelWorks ofMariupol, SumyMachine-Building Science-and-Production
Association, Pervomaysk “Energohimproekt”, three CHP plants Kryvorizhstal, CHP
plant Zaporizhstal, CHP plant DniproAzot, CHP plant PivdenMashbudzavod, CHP
plant Azovstal. Reducing fuel use is the main direction for reducing greenhouse gas
emissions [6].

Themost commonly used energy efficiency indicators that can be used to evaluate
the operation of a CHP plant are the utilization heat fuel factor, the energy conversion
efficiency of the equipment by type of energy, unit energy recourses consumption
by type, energy intensity of products (heat and electricity) and energy loss (fuel
and energy carrier) [7]. Efficiency is usually defined for separate equipment (steam
generator, turbine) or power plant as awhole as a result ofmultiplyingof the efficiency
of power installation along the technological system [8]. In determiningmost of these
indicators, except utilization heat fuel factor, it is necessary to divide the total energy
of the fuel to two energy products with different quality.

An important indicator of energy efficiency, that characterizes the complete tech-
nological cycle of production, is the total energy intensity of products [9], which
allows to calculate the energy efficiency of replacement, modernization, reconstruc-
tion of technological equipment with detail, which is absent in the calculation of
other indicators of energy efficiency.

2 Literature Review and Problem Statement

Various aspects of ensuring the efficient functioning of energy and its environmental
impact are discussed in many papers [10–19]. Problems of efficient functioning
and development of combined production of heat and electricity were addressed
by famous scientists Sokolov Ye.Ya., Yakovlev B.V., Dolinsky A.O., Basok B.I.,
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Klimenko V.N., Arkelyan E.K., Kozhevnikov N.N., Zaitsev Ye.D., Dubovsky S.V.
and others [1, 20–29].

Existing methods for the distribution of energy consumption in multi-product
industries have been described in many literary sources [1, 24, 25, 30], but the fuel
distribution for CHP is considered only for the fuel burned in the boiler plant, without
taking into account the energy costs for its storage, preparation, distribution. etc.

DSTU 3682–98 (GOST 30583–98) was introduced in Ukraine [9], which
approved the indicator of total energy intensity of products. The Russian standards
[31–33] introduce two indicators of energy intensity: total energy intensity of produc-
tion and energy intensity of production. According to these standards, the energy
intensity of production is the amount of energy and fuel consumption for the main
and auxiliary technological processes of production based on a given technological
scheme. When manufacturing any kind of products for each technological process
that is part of the production schemes, its energy intensity is determined. Energy
intensity in production of products is the integration of costs at a certain level of
management. When calculating indicators of energy intensity in production, only
fuel and energy resources (FER) for main and auxiliary production processes are
taken into account. Expenditures on fuel and energy resources for heating, illumi-
nation, various auxiliary needs are not to be included in the amount of consumption
of energy resources, which are included in the energy intensity of production. The
Russian standard [33] classifies energy efficiency indicators by groups of homoge-
neous products (electricmotors, turbines, refrigerators, etc.), type of energy resources
or energy carriers used (energy efficiency indicators of fuel use (boiler, motor), elec-
tricity, thermal energy (steam, hot water, refrigerants), compressed air, oxygen, and
other methods of indicators determination.

Full energy intensity determines the final energy saving, depends on the improve-
ment of all components of the technological chain of production, development of new
technologies, changes in the structure of production processes, reduction of material
capacity and energy losses, increased use of secondary material resources, etc.

According to the standard of full energy intensity of products [9], it is defined as
full energy consumption throughout the entire production chain: production of raw
materials, transportation costs to the enterprise and for intra–plant transport, energy
consumption for the main technological processes in which, in addition to direct
costs of energy resources, energy resources produced in auxiliary shops are used
(compressed air, oxygen, nitrogen, argon, circulating water supply for technological
needs, steam and electricity production in industrial CHP plants, boiler houses and
utilization plants), energy consumption, which is fixed in fixed production assets
(equipment, appliances, premises, etc.), energy consumption of recreated workforce
and on elimination of harmful influence on environment of production wastes.

In accordance with [9], the total energy intensity of products is calculated by the
formula

e = ee + esm + e f + er + eenv (1)
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where ee—full energy intensity of energy resources that directly are consumed for
the production of products (services); esm—full energy intensity of original products,
rawmaterials andmaterials required for the production of products (works, services);
e f—full energy intensity of fixed production assets amortized in the production of
products (services); er—full energy intensity of recreated workforce in the produc-
tion of products (services); eenv—full energy intensity of costs used for environmental
protection in the production of products (services).

According to [9], direct energy intensity of products (full energy intensity of
energy resources, through technological energy intensity) is defined in general terms
as follows:

ep =
∑

s

es(bps +
∑

i

a
′
pi b

′
pis), (2)

where s is the index of the type of energy resources; es—full energy intensity of s-th
type of energy resources; bps—specific consumption of s-th type of energy resources
in the main production, i—index of the type of auxiliary production; a

′
pi—specific

consumption of i-th type of auxiliary production; b
′
pis—specific consumption of s-th

type of energy resources for the production of i-th type of auxiliary production.
Full energy intensity of energy resources is defined as follows:

es = ep + etr − eg + eimp (3)

where ep—full energy intensity of energy resources directly consumed in the manu-
facture of products (services)—direct energy intensity; etr—full energy intensity
of energy resources used to transport the original products, raw materials and
supplies; eg—reduction of full energy intensity of products (services) through the
use of secondary energy resources formed in the manufacture of combustible;
eimp—increase in full energy intensity due to the import of energy resources.

In fact, it is not known how es is defined in standard [9] since the algorithm for
calculating the components of formulas (2–3) is not provided. For an example of
calculating with formula (2), the energy intensity of energy carriers (electric and
thermal energy as products) at CHP plant, bps is specific fuel consumption for the
output of heat and electric energy separately. The second component (2) is elec-
tric power consumption for water feeding into steam generator and air feeding into
furnace. As a rule, these specific costs are not calculated but taken as averages across
the country from the statistical reporting forms. Type of fuel preparation, determined
by the type of mill used for grinding solid fuel, type of fuel feeding system for solid
fuel, liquid fuel heating, expenses for gas distribution networks as components of
energy costs in the basic technological process of electricity and heat production
in the formula are absent. If changes occur in these processes when replacing this
equipment, then the reduction in unit costs cannot be calculated.

When calculating direct energy intensity of products (energy carriers) according to
[9] it is not clear how to compare fuel combustion efficiency using different technolo-
gies (different burners and furnaces). The average rate of specific fuel consumption
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for heat and electricity output may not account for this. Made in boiler unit steam
can be directed to different types of turbines (with different types of steam exhaust):
industrial, heated, regenerative. Foreign CHP plants already use gas turbine units and
steam-gas units (gas turbine unit of turbine waste heat recovery boiler). It also does
not stand out when using the average specific fuel consumption for electricity and
heat output. Besides, energy resources are also used for neutralization of emissions,
waste and effluents. In otherwords, it is very difficult to calculate the change in energy
consumption of energy carriers (electric and thermal energy) during modernization
or detailed renewal of energy equipment according to the existing methodology. The
existing methodology allows comparing technologies where certain components are
different: technology for extraction (collection) of fuel (except solar and wind), type
of fuel transportation (except solar and wind), type of energy generation (thermal,
nuclear, solar, wind, biofuel). Energy costs for the production of electricity and heat
itself are included in the component of full and direct energy intensity through the
averaged across the country indicator of specific fuel consumption for the output
of energy carriers without analysis of options for improving this indicator. Own
requirements of CHP plants are not taken into account at all (electric and thermal
energy). Among auxiliary expenses electric energy for water and air supply is taken
into account.

A mathematical model for determining the full energy costs of production in
natural, conditional or cost terms per unit of output (by the example of ferrous
metallurgy), which clarified the concept of direct energy consumption of products
was developed in the Institute ofGeneralEnergyof theNationalAcademyofSciences
of Ukraine [34]:

E = Bo.p − (
Bg.er + Bt.er + Be.er

)

No.p
−

∑
l
Bm.rl

Nm.r

+ mc.m ·
∑
j
Bc.mj

Nc.m
=

∑
s
Bens

Nen
(4)

where Bo.p—the volume of fuel and energy resources used for the manufacturing of
products in the main and auxiliary production during the year, taking into account
losses of energy resources in the technological process and the costs of intra-
factory transportation (ton coal equivalent per year (tce/year)); Bg.er—the volume
of combustible recycled energy resources received during the production of prod-
ucts (tce/year); Bt.er—amount of thermal recycled energy resources utilized during
the year in the production of products (tce/year); Be.er—amount of fuel, which was
replaced by recycled energy resources of excess pressure in the generation of elec-
tricity produced during the year by utilization units (tce/year); No.p—amount of prod-
ucts produced by the enterprise during the year, in natural, conditional or cost terms;
l—index of the type of recycled material resources, taken from the data of the enter-
prise; Bm.ri—the amount of energy resources, which accounts for the formation of
recycledmaterial resources in the technological process (tce/year); Nm.r—the amount
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of recycledmaterial resources in physical, conditional or value terms, received during
the year in the production of products; mc.m—the share of raw materials, materials,
intermediate products used in the technological process itself; j—index of type of
rawmaterials, materials, intermediate products or assembly units; Bc.m j—amount of
energy resources used during the year for the manufacture of j-ro type of raw mate-
rials,materials, intermediate products or assembly units, (tce/year); Nc.m—amount of
j-type of rawmaterials, materials, intermediate products or assembly units in natural,
relative or value terms, used during the year according to the data of the enterprise;
men—amount of energy resource used directly in the technological process according
to the data of the enterprise; s—energy resource type index; Bens—amount of fuel
and energy resources used for the production of s-type of energy resource (tce/year);
Nen—amount of s-type of energy resource used for the year in natural, relative or
value terms according to the data of the enterprise.

In multi-product industries for formulas (2–4) the distribution of energy expenses
on a range of manufactured products in one technological unit should be performed.
The most striking example, which requires the distribution of these costs, is primary
refining. In [35] an analysis of existing methods for assessment of the energy effi-
ciency of oil refining processes has been carried out on the basis of enlarged balances
(energy, thermal and exergy) of the main technological units using various methods
of distribution of total energy costs, and the exergy of fractions of primary oil refining
at the output of the unit has been calculated. A methodological approach to deter-
mining the total energy consumption of oil products is provided, taking into account
the technological scheme of the plant and the range of produced oil products. The
algorithm for calculating the full energy intensity of oil products was defined as
follows:

eopf =
∑

f

mop
f r, f

mop
f

[
mper

f r, f

moil

(
eoutoil + eorlog + eper

)
+ esecf +

∑

g

edg
md

op,g

md
raw

]

+ mop
f

moil

(
e f + eenv

)
(5)

wheremop
f r, f

/
mop

f —the portion of the intermediate product supplied to the blending

unit of commercial oil products from the processes of primary, secondary and deep

processing; mper
f r, f

/
moil—the portion of f -th fraction, comes out of the process

of primary oil processing; eoutoil —the direct energy intensity of the extracted oil
that comes to the oil refinery for processing; eorlog—the energy intensity of trans-
porting oil to refineries; eper—the full energy intensity of the primary oil processing
process; esecf —full energy intensity of the secondary refining process for f oil prod-
ucts in the technological chain of production; edg—full energy intensity of the g-th
process of deep processing; md

op,g , m
d
raw—the mass output of oil products and the

bulk of processed raw materials in the g-th process of deep refining, respectively;
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mop
f

/
moil—the portion of oil products obtained from oil in the balance of oil and

petroleum products; e f ,eenv—as in formula (2).
It is proven that in the processes of physical fracturing of oil the most acceptable

method of distribution of energy expenditure is in proportion to the mass output of
fractions, because the thermal abilities of fractions are similar and slightly affect the
refinement of distribution coefficients.

A similar approach was applied to the allocation of energy expenses for coke-
chemical products [36], which made possible to calculate the energy intensity of 4
chemical products manufactured as side products during coke gas purification.

In the given examples (oil refining, coke chemistry), the received kinds of produc-
tion are comparable on physical and chemical properties: have weight, density,
temperature, pressure, their characteristics for various products can be measured by
corresponding devices. When considering combined energy generation, two dissim-
ilar products with different properties are produced and cannot be measured with the
same instruments.

DSTU [37] developed in 2014 provides a methodical approach to the alloca-
tion of total fuel consumption at thermal power plants depending on the exergy of
steam, which performs work in steam turbines of different types. This thermody-
namic method makes it possible to determine the energy consumption of electric and
thermal energy from the coefficient of thermodynamic value of heat, which depends
on the type of steam turbine cycle (efficiency of steam exhaust) or gas turbine, but
it is not possible to analyze the energy consumption efficiency from improvement
of burner devices and systems of fuel preparation and feeding, as well as to use the
potential of recycled energy resources of natural gas excess pressure again.

3 Purpose and Objectives of the Study

The purpose of the study is to analyze and improve the existing methodical approach
to determining the direct end-to-end energy consumption on the example of energy
carriers—electric and thermal energy, simultaneously produced at a combined heat
and power plant from a steam turbine unit during the combustion of coal and natural
gas, and include both the direct use of fuel to obtain steam, and support costs of
energy resources for the preparation and supply of fuel to the burners of steam
generators (own needs of the plant), reduction of which directly affects efficiency of
energy production, use of recycled energy resources (RER), consideration of energy
efficiency costs for environmental protection measures; use of improved approach
to assessment of technological potential of energy saving in selection of efficient
technologies.

The objective of the study is to analyzemethodological approaches to determining
the efficiency of energy costs in combined production, the use of indicators of tech-
nological energy efficiency along the production chain for energy saving potentials
in various options for replacing the existing equipment with more efficient ones.
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4 Improved Methodological Approach to Determination
of Direct Technological Energy Intensity of Products

For multi-product industries, formula (2) takes the form:

ep = k
′′
n

∑

s

es(bps +
∑

i

a
′
pi b

′
pis) + enenv, (6)

where k
′′
n is the partition coefficient choice for a n-th specific multi-product

manufacturing technology.
In the study is considered as combined energyproduction simultaneous production

of thermal and electric energy. When splitting energy consumption into 2 energy
products, different approaches can be applied, for example, the current one (50:50)
and the approach that takes into account the seasonal demand for energy carriers,
that is, the main product in the heating period will be thermal energy, by-product—
electric. In the non-heating period, when the CHP will be included in the regulation
of schedules of electric loads, the main product will be electricity, the by-product—
thermal in the form of hot water or cold.

On the example of a coal-fired CHP plant with a T-type turbine with heating steam
extraction for the needs of utility consumers, a chain of energy resources consumption
was created from the supply of fuel to the CHP plant to the production of heat and
electricity.

We have detailed the methodical approach for taking into account all the listed
energy costs that can affect the energy intensity of energy carriers.

This structural sequence consists of the following steps [38]:

1. Determination of the main type of fuel (coal, fuel oil, natural or other industrial
gases);

2. Definition of basic equipment;
3. Definition of auxiliary equipment;
4. Investigation of the efficiency of existing equipment and research of the

possibility of introduction of the latest technologies;
5. Estimation of possible reduction of energy consumption when replacing existing

technologies with promising ones.

An improvement in formula (2) is as follows. Not used as an indicator of energy
intensity of energy resources specific fuel consumption for energy carriers supply
of country. Energy intensity of energy resources is determined for a specific set of
thermal equipment, taking into account the use of secondary thermal energy resources
for coalCHPplants and thepotential of secondary energy resources of excess pressure
of natural gas for gas CHP plants [39]:

– coal CHP plant:

bcoalsk =
∑

s

∑

k

bsk = bskheat + bskmill + bsktransp + bskcomb − bskregen + bskenv (7)
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– gas CHP plant:

bgassk =
∑

s

∑

k

bpsk = bsktransp + bskcomb − bskregen − kwW + bskenv (8)

where k—is the type of equipment; s—kind of energy resource; bskheat , b
sk
mill b

sk
transp

bskcombb
sk
regenb

sk
env—respectively specific consumption of fuel (energy resource) for

heating the fuel (for coal and heating oil), grinding coal at the used or new type of
mill, supply of fuel through the pipeline, consumption for combustion, fuel savings
as a result of the use of regenerative installations (air heater and water economizer)
and energy costs to operate environmental equipment, depending on the type of
burned fuel; kwW—the amount of produced electricity in the turbo-expander due to
the secondary energy resources of excess pressure (reduction of pressure at the gas
distribution substation).

5 Analysis of Results Obtained

By formulas (6–7) the energy intensity of energy carriers (electric and thermal energy)
is calculated together (Fig. 2) with allocation of all energy intensity components.
Distribution of fuel consumption for generation of energy carriers should be done
according to the method [37], while allocation of other fuel consumption can be done
by different methods, e.g. proportional to the volumes of energy supply translated

Fig. 2 The energy intensity of auxiliary costs of energy carriers (electricity and thermal energy)
produced at the CHP plant depending on the type of equipment and used fuel
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into the same units of measurement. It should also be added that the installed capacity
utilization factor is applied to each type of equipment and at each stage, because not
all equipment at the power plant is constantly in operation, but some equipment is
operating only in a certain season (for example, defrosting of coal fuel in winter).

An information database was created for the implementation of this approach and
model calculations, which contains a list of main and auxiliary equipment in various
configurations, various manufacturers and with various energy indicators. By means
of the given algorithm depending on type of the applied equipment energy intensity
indicators, which can be compared and chosen more effectively as an indicator of
decrease in energy intensity of energy carriers [38], are received.

Figure 2 shows the obtained calculations for production of 1 ton of steam by
boiler units taking into account energy costs for fuel preparation and storage, opera-
tion of auxiliary equipment of boiler and turbine departments, as well as energy costs
for environmental protection measures. The energy intensity of the burned fuel has
not been presented as it remains unchanged when the auxiliary costs is reduced or
increased. The energy intensity of the combusted fuel is 2718.38 MJ/t of produced
steam or 4264.796 MJ/MWh of energy supply. An analysis of the possible replace-
ment of auxiliary costs (without combustion fuel in the boiler) is included in the
calculation model for the four variants of the CHP plants.

The first variant characterizes the technologies of a coal CHP plant with the most
widespread main and auxiliary equipment currently operating in Ukrainian CHP
plants using gas turbines for defrosting fuel in winter, ball mills for grinding, coal
dusting with normal dust concentration in the air stream for flaring coals in chamber
furnaces with hydro ash and slag removal, wet precipitation for particle removal,
semi-dry lime technology for sulfur removal and selective catalytic reduction for
reducing nitrogen oxide emissions.

The second case includes the improved coal power units with technologies which
are partially used at separate thermal power plants and are perspective now, including
the following main and auxiliary equipment have been put in place: gas radiation
defrosting panels, roller or hammer mills, coal dusting with a high concentration of
dust in the air stream for boilers with the technology of circulating fluidized bed
allowed to organize measures on reduction of nitrogen oxides at once in the furnace
at combustion without additional equipment.

From the data in Fig. 2 we can see that fuel preparation technology can signif-
icantly affect the overall energy intensity of products. It should also be noted that
the combustion technology is more efficient, which allows to burn lower quality fuel
with lower auxiliary energy expenses, which can be clearly seen when comparing
the first and second variants.

The third option is a natural gas-fired combined heat and power plant using a
turbo-expander at a gas distribution substation (GDU) while reducing pressure to a
working one and themost commonmain and auxiliary equipment.Option 3 shows the
full technological consumption of energy resources through the technological chain
when using the energy of natural gas overpressure that emitted when gas pressure
decreased to the worker pressure. According case Option 4, with which Option 3 is
compared, the energy costs are higher by this value.
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Energy intensity of environmental measures in direct energy intensity of energy
resources is calculated according to the method [40] using the data from [41].

The results presented in Fig. 2 allow to determine energy saving potential
(maximum possible fuel and energy saving) for thermal power plants at alternative
replacement of auxiliary costs. For gas CHP plants, this potential is determined by
additional energy, which can be produced by using recycled excess pressure energy
resources.

For coal-fired cogeneration and power plants to estimate technological potential
of energy conservation, it is possible to consider additional technology using an
innovative turbine [42] (Table 1). This potential is determined by the product of the
difference in energy intensity by variants of implementation volume (energy output).
The difference in energy intensity is determined between the first and second and
first and third variants. The energy saving potential can be determined for 1 MWh
of energy carriers production (electric or electric and thermal energy—together).

The third variant is coal-fired power plants with the equipment listed in variant
2 (Fig. 2), in combination with a 100 MW electric turbine, which has a detachable
coupling between medium and low pressure cylinders(CMP and CLP respectively),
which has a higher efficiency (43.6% compared to 42–42.4%), can provide the power
unit operation at sliding pressure at a reduced load, provides work on the thermal
schedule 130/70°C without using peak water boilers. The use of a turbine with a
split coupling allows increasing the maneuverability of the power plant, switching
off the CLP during the heating period and eliminating ventilation losses in the CLP.

Table 1 Energy intensity of energy carriers before and after modernization of coal CHP plant,
MJ/MWh

Equipment set
options

Workshops of CHP plant Energy intensity
(technological)
of energy
carriers is an
option

Fuel shop Boiler room Turbine
compartment

Environmental
equipment

1—Traditional
technologies

28.59 93.97 38.85 47.48 208.89

2—Circulating
fluidized bed
furnace (CSF)
and efficient
assistive
technologies

8.36 80.66 38.85 18.12 145.99

3—CSC
furnace,
detachable
turbine and
state-of-the-art
assistive
technology

8.36 80.66 28.17 18.12 135.31
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Table 2 Energy saving potential for coal CHP plants from auxiliary equipment modernization, MJ
of energy consumed/1 MWh of produced energy carriers together

Options Energy intensity of energy
carriers production
(technological) at auxiliary
equipment, MJ/MWh

Energy saving potential at
alternative replacement of
auxiliary technologies
concerning Option 1,
MJ/MWh

1—Traditional technologiesa 208.89 0

2—Circulating fluidized bed
furnace (CSF) and efficient
assistive technologies

145.98 62.91

3—CSC furnace, detachable
turbine and state-of-the-art
assistive technology

135.30 73.59

awithout the amount of fuel burned in the boiler, as its size does not change and is given above in
the text

Coefficient of fuel heat utilization in the power unit under the third variant makes
95.17% against 88–89% for power units with traditional turbine unit [43].

The results of the assessment are presented in the Table 2.
The Table 2 shows, the technically possible energy saving potential at alternative

replacement of auxiliary technologies for the production of energy carriers at coal-
fired power plants can be achieved by upgrading the equipment according to option
2—62.9MJ per 1MWh of produced energy carriers, according to option 3—73.6MJ
per 1 MWh of produced energy carriers. Coal-fired power plants have a significant
reserve to increase energy efficiency in the production of energy carriers. With a
shortage of natural gas and unstable supplies of energy resources from renewable
sources, coal-fired power plants can take their place in the structure of generating
capacities.

6 Conclusions

The existing methodological provisions for determining the total energy intensity of
the products and its components as a through-flow specific energy consumption was
analyzed and compared.

Methodical approach to determining the direct energy intensity of products for
multi-product energy intensive industries has been improved. The calculation is given
for cogeneration of energy carriers at CHP plants, which burns different fuels. The
proposed detailing has made it possible to calculate the amount of energy savings in
the transition from widespread technologies to high-efficiency modern technologies
for coal-fired CHP plants using three variants of applied technologies, and in natural
gas—for two, taking into account the use of secondary energy resources of excess
pressure for additional electricity production for own need.



214 O. Maliarenko et al.

Direct energy intensity includes energy intensity of enviromental measures, as
the neutralization of pollutants occurs at the place of pollution formation, and the
coefficient of distribution of common energy consumption at the point of distribution
of products is introduced into the calculation algorithm.

An analysis of the latest technologies that can be implemented at coal power
plants has shown a significant reserve for improving energy efficiency in energy
carriers production. In the face of natural gas shortages and unstable energy supplies
from renewable sources, coal power plants can take their place in the structure of
generating capacity.
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