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Abstract Currently, the use of small-scale energy
sources is a rapidly developing approach that solves
the problems of quality and guaranteed power supply
for local communities. The use of combined heat and
power production in the sources of small energy is the
most effective way to save fuel in the municipal sector
and in industry. In this regard, studies that are focused on
a solution to the problem of implementing small-scale
energy approaches are promising and relevant. In this
article, an exergy analysis is performed on the scheme of
a low-capacity coal-based power plant that produces
electrical and thermal energy and sulfur as a by-product.
The exergetic dependences describing the basic process-
es are cited. The proposed indicators of efficiency allow
the estimation of the work of a low-capacity power plant
to produce by-products in addition to energy. The results
of the exergetic efficiency of individual processes and of
the entire scheme are obtained. The exergetic efficiency
of a low-capacity coal-firing thermal power plant with
the production of sulfur was 26 %.

Keywords Small-scale energy. Solid fuel . Efficiency .
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Introduction

In recent years, small-scale (autonomous, local) energy
technologies (electric power <25MW) are being used in
increasing numbers in developed and developing coun-
tries and under different natural and climatic conditions.
This increasing use is explained by quite natural facts.
Small-scale energy provides users independence from
centralized power sources and allows the use of fuel and
energy resources that are optimal for specific local con-
ditions. In addition, small-scale energy improves the
stability and reliability of the power system of the state
or region. This improvement is achieved by the gener-
ation of additional capacities, improvement of the ener-
gy system at different levels, and reduction of the losses
of energy by bringing generating facilities directly to the
consumer.

In some European countries, the share of the total
power production from small-scale energy sources is
40 %. This share for all industrialized countries is 10–
15 % on average (Vagin et al. 2005). For example, in
Denmark, the development of a decentralized energy
supply was announced as a state program (IEA 2011).
Some states in the USA have laws that exempt owners
of small power plants from taxes and allow them to
receive compensation from part of the capital cost; also,
utilities must buy the excess energy from the owners of
low-capacity power plants (IEA 2007). In Germany, the
number of existing, under construction, and planned
small power plants are approximately 2,000 (BMWi
2014). In Japan, each new construction project is re-
quired to be equipped with its own low-capacity power
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plant (Kotler 2004; Novoselova 2013). In Italy (Cau
et al. 2012), in 2009, the distributed generation sector
included 74,348 power generation units (each with less
than 10 MW). The share of cogeneration plants should
increase to 65 % in China by 2015 (Liao et al. 2013).

Although Russia has a huge potential demand for
solutions of small-scale energy, such energy sources
represent a small fraction of the total energy balance.
Currently in Russia, the approximately 50,000 small-
scale energy plants represent the total capacity of ap-
proximately 17million kW. The small-scale energy sites
in Russia provide approximately 7 % of the total annual
electricity production in the country (Filippov 2009),
which is significantly lower than the world average.

The small-scale energy capacity in Russia on 96.4 %
of the power is provided by thermal power plants
(see Table 1).

Diesel power plants represent approximately 55 % of
the installed capacity of small-scale power plants and
31 % of the electricity generated by small-scale power
plants. Steam-turbine power plants account for 23 % of
the small-scale installed capacity and 37 % of the elec-
tricity generated by small-scale power plants. The larg-
est amount of heat generated is from steam-turbine
units—65 % of the thermal energy generated by small-
scale power plants (Filippov 2009).

The primary obstacles to the development of small-
scale energy in Russia are the following:

– No laws for the sale of energy;
– The absence of effectively operating economic

mechanisms and measures that stimulate the devel-
opment of autonomous power;

– The complexity of connecting small-scale generat-
ing units to a centralized system;

– The lack of tariff support for the application of
small-scale energy.

Overcoming these obstacles will enable small-scale
energy development to play a significant role during the
period of a smooth increase in energy consumption,
during the stage of improving energy reorientation on
the market, in the absence of major investors, and during
the growth of small and medium businesses.

The solutions to the problems of small-scale energy
should be based on a systemic and comprehensive ap-
proach. The solutions will determine the conditions for
the organizational, financial, scientific, technological,
teaching and methodological, normative, informational,
and staffing resources of small-scale energy. State sup-
port of small-scale generation is necessary to overcome
the existing barriers. Specifically, the state should create
additional incentives that will contribute to small-scale
energy development in Russia.

According to the Australian Association of
Cogeneration, the fraction of natural gas among all the
fuels that are used in cogeneration systems is approxi-
mately 55 %; 25 % is the fraction of the other types of
gaseous fuel (associated gas, coke, pyrolysis, biogas),
14 % is the fraction for solid fuel, and 6 % is the fraction
for liquid fuel.

The traditional fuel for small-scale power plants is
natural gas (Badami & Mura 2010; Kanoglu & Dincer
2009). Only a limited number of works in the scientific
literature are related to research in the field of coal-based
small-scale energy (Blohin et al. 2005; Cau et al. 2012).
However, there is currently a tendency to increase the
use of solid fuel, which is to expand range of fuel base
for these objects. Using of solid fuel allows to provide
autonomy of small-scale power plants (do not need
laying of pipelines), the fuel can be delivered with the
various types of transport.

This research paper describes the study of small-scale
energy that is based on the use of solid fuels. The present
theoretical study focuses on the processes of conversion

Table 1 Structure of small-scale energy in Russia (Filippov 2009)

Type of power
plant

Installed
capacity

The share of
installed capacity

Electricity
generation

The share of electricity
generation

Thermal
energy

The share of
thermal energy

MW % kW·h % 1,000 GJ %

Diesel 6,505 55.35 7,407 31.28 2.64 0.61

Including mobile 1,291 10.99 1,868 7.89 0 0

Gas reciprocating 2,046 17.41 5,542 23.40 8.21 1.91

Gas turbine 63 0.54 175 0.74 0.67 0.15

Steam turbine 2,719 23.13 8,744 36.93 280.14 64.99
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of solid fuel for gasification, the cleaning of the gener-
ator gas to produce sulfur as a by-product, and the
process of production of both heat and power in a low-
capacity coal-based power plant. Exergy analysis is
used as an instrument for the theoretical study.

The main target of this study is a comprehensive
analysis the efficiency of the technological scheme of
low-capacity power plant which produced not only en-
ergy but also by-product as sulfur.

The use of coal in small-scale energy sources

Coal is one of the most important natural resources, and
its consumption in many countries is quite high. In the
fuel-energy complex of Russia, coal usage is rather low
(approximately 17 %), underutilizing the existing po-
tential. The dynamics of the indicators of the coal in-
dustry in Russia from 1994 to 2010 are listed in Table 2.

According to the forecast of the International Energy
Agency, the share of coal in the global energy balance
will increase to 29 % by 2030. Coal consumption will
grow at a faster rate than all other primary energy
sources, at an average growth rate of 1.9 %, to reach a
consumption of 6,980 million tons of coal equivalent in
2030 (Energy Strategy of Russia up to 2030 year 2010).

According to the Energy Strategy up to 2030 in
Russia, the share of coal in the fuel balance will rise to
34–36% in 2030 by reducing the share of gas from 70 to
60–62 % (IEA 2013).

At the present time in Russia, power plants use coals
that vary greatly in quality: over 25 % of the total coal
consumed has ash content of over 40 %, 18.8 % of the

coal consumed has a lower heating value (LHV) of
12,500 kJ/kg, and 6.8 million tons of coal have a sulfur
content of over 3.0 %.

Insufficient application of the enrichment and stan-
dardization of steam coal and the use of an intermediate
product (the enrichment of coal) in power generation
lead to the fact that each plant in Russia is tied to a
particular type of coal. In this case, the complete or
partial replacement of other ranks of coal is difficult
and expensive.

For a small-scale independent energy provider, this
problem should be avoided. The unification of fuel
should be incorporated in the planning of these low-
capacity power plants so that the plants can use different
types of solid fuel, ranging from various ranks of coal to
peat and shale, without significant structural changes in
the technology. This unification of fuel can be achieved
by implementing an effective technology of fuel
reprocessing and by varying the operating parameters
of the main processes (Shamsutdinov et al. 2011).

To ensure the competitiveness of the solid fuels in a
small-scale energy plant, two major problems must be
solved: reducing the ecological impact on the environ-
ment and minimizing the cost of its preparation for the
burning of solid fuel.

It is known that the use of coal produces emissions of
NOx, CO2, ash and slag wastes, and H2S which are a
serious problem for the environment. But that problem
is solved by the use of processing technologies for solid
fuel: gasification, the combustion of the coal-water slur-
ries, in a fluidized bed. Solving the second problem
requires a detailed consideration of the processes for
the transformation of solid fuels in their preparation for

Table 2 Dynamics of the main
indicators of the coal industry in
Russia (Churashev & Markov
2011)

Indicator Volume of extraction and consumption, million tons

1994 2000 2008 2009 2010

Extraction, total 271.3 257.9 328.8 302.6 323.0

Open-cut method 152.2 67.0 223,9 195.1 220.9

Underground 119.1 90.9 104.9 107.4 102.1

Steam coal 214.7 196.9 260.1 241.7 257.9

Coking coal 56.6 61 68.7 60.9 65.1

Coal exports 23.4 37.8 101.2 105.1 105.6

Supplies of energy coal to the
internal market

– 190.4 191.4 176.0 190.6

Including consumption of
coal by power stations
(+import)

– – 103.3 (+25.6) 104.6 (+25.8) 88.4 (+24.2)
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combustion and the determination of the processes that
can reduce the cost.

The use of coal in low-capacity power plants usually
does not involve direct combustion in the boilers; in-
stead, the thermal processing of coal to produce gas
fuels is used, such as in gasification. Gasification is a
thermochemical process that causes the interaction of
the fuel with an oxidant. In gasification, almost all the
organic mass is converted into fuel gas, and the mineral
fraction of the mass remains in the solid or liquid state.
Currently, gasification is widely represented in the liter-
ature (Kantorovich 1958; Shabbar & Janajreh 2013).
The gasification of coal can provide a clean energy fuel,
i.e., the generator gas, and will expand the range and
scale of the use of low-grade solid fuels. Gasification
also simplifies the preparation of fuel, as there is no need
for pulverization (gasification of lump fuel) and purifi-
cation of the combustion gases from fly ash, which is
instead used for cleaning the generator gas.

During the thermal processing of solid fuels in gas,
30–40 % of the sulfur content in the coal is processed.
Moreover 95–98 % of all sulfur compounds that are
present in the gas phase of the generator gas are from
H2S. The need to remove sulfur compounds, particular-
ly H2S, from the generator gas arises from ecological
considerations. Another reason is the possibility of uti-
lizing H2S to obtain by-products.

The disposal of hydrogen sulfide is possible with the
production of elemental S or H2SO4. The choice of this
method for small-scale power plants is determined by
the following criteria:

– Simplicity of design for the production of by-
products;

– Low capital cost;
– The possibility of selling power and by-products in

the nearby regions.

In the case considered in this article, a low-capacity
power plant provides the most appropriate utilization of
H2S to produce S.

The technological scheme of a low-capacity
coal-based power plant and the main parameters
of its operation

The proposed scheme for the operation of a low-
capacity power plant using generator gas is shown in

Fig. 1. Coal feeds into a hammer mill, where it is
simultaneously crushed and dried by the heat of the
drying agent entering the mill. Next, coal is sent to the
gasifier, where, in the presence of the oxidizing agents
water vapor and air, which is waste air that was used as a
drying agent from the mill, it is gasified to produce
generator gas and slag.

The generator gas, after cooling to 400 °C in the heat
exchanger, enters the purification unit. Cleaning is per-
formed in two stages: the larger particles are captured in
the cyclone, and the smaller particles are captured in the
bag filter. For removal of H2S, the generator gas is
cooled to 40 °C under the terms of the process and fed
to the adsorber. Removal of H2S from the generator gas
is performed using activated carbon.

Different methods for the purification of H2S are
presented in the scientific literature. However, a low-
capacity power plant can only use a few of these
methods. Most of the methods for the regeneration of
the adsorbent require additional equipment and large
areas, which will result in additional capital cost
for a low-capacity power plant. In the purification
process, the adsorption of hydrogen sulfide and the
regeneration of the adsorbent are performed in the
same apparatus, which is determined by the choice of
the method. Another consideration is the allocation of
pure S, which can be used as a by-product of the H2S
removal process.

The cleaning process is the catalytic oxidation of H2S
to elemental sulfur with the air on the surface of activat-
ed carbon (Goihrah & Piniagin 1954):

2H2Sþ O2→2H2Oþ 2S:

NH3 is added to the generator gas for passing this
reactionwith sufficient speed under normal temperature.

The rate of passage of the generator gas through the
activated carbon is 75–100 mm/s. The activated carbon
layer in the adsorber is 750–1,200 mm, which confirms
its compactness. Activated carbon adsorbs other sulfur
compounds contained in the generator gas in addition to
H2S. The generator gas is passed through the unit from
the top to the bottom. The reaction passes through the
reaction zone, the height of which depends on the
amount of H2S in the gas and the gas velocity. In the
reaction zone, the temperature rises and is judged by the
intensity of the process. The optimum temperature of the
process is 35–50 °C.
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The released sulfur fills the pores of the acti-
vated carbon, gradually reducing its activity.
Regeneration of the activated carbon is performed
by treatment with a solution of (NH4)2S, which
extracts sulfur from the coal through the formation
of polysulfides:

NH4ð Þ2Sþ nS→ NH4ð Þ2Snþ1:

Upon heating under pressure, polysulfides allocate
elemental sulfur:

NH4ð Þ2Snþ1→2NH3 þ H2Sþ nS:

NH3 and H2S are released during heating, and the
water vapor is cooled to form (NH4)2S, which is sent to
the extraction equipment:

2NH3 þ H2S→ NH4ð Þ2S:

Regenerated carbon, after removal of the adsorbed
sulfur and blowing with steam, is used again for the
purification of gas. Sulfur, which falls out of the poly-
sulfide solution when it is heated, is melted and released
into molds (forms) or released as a coarse sediment
(which is subjected to filtration and washing). The re-
covery of elemental sulfur in the regeneration of carbon
is 95 % efficient. When cleaning the gas using activated
carbon, H2S is removed almost completely and 25–

30 % of organic sulfur compounds is removed. The
advantages of this method are the high H2S removal
with the simultaneous extraction of the organic sulfur
compounds and the possibility of obtaining high-quality
marketable sulfur.

The purified generator gas enters the combustion
chamber of the gas turbine, which is the working actu-
ating medium for generating electric power. The com-
bustion products after passing the gas turbine are sent to
a heat recovery boiler to produce heat energy in the form
of steam.

The characteristics of the initial fuel (coal) and the
generator gas are given in Table 3.

The main indicators of gasification of solid
fuels, i.e., composition, the calorific value of the
gas, and consumption of the oxidants (steam and
air), are determined in the generalized method using
known relationships (Beloselsky 2005; Kantorovich
1958). The composition of the generator gas was
determined for the equilibrium state and based on
the partial pressure of the components (Higman & van
der Burgh 2003).

The characteristics of the primary flows of the
scheme that was used for the calculations are listed in
Table 4. All indicators in the table are for 1 kg of fuel
source.

The initial environmental parameters used were
T0=293.7 K and p0=101,325 Pa. The power of the
low-capacity coal-based power plant was 16 MW, with
a coal consumption rate of 4.04 kg/s.

Fig. 1 Scheme of a low-capacity coal-based power plant
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Description of the basic processes in the scheme
using exergy analysis

The exergy method is the most common approach for
the thermodynamic research of various energy conver-
sion systems. Exergy analysis allows one to visually
determine the degree of perfection and power losses in
systems and to determine ways to improve them.

The exergy method is widely represented in works
related to the study of combined heat and power systems
(Badami & Mura 2010; Dincer & Rosen 2007; Ozkan
et al. 2012), but it is rarely used for small-scale coal-
fired energy sources (Rosen 2001; Afanasyeva &
Mingaleeva 2011).

The important components of exergy, physical Δ0E
and chemical Ech, together determine the thermal exergy
Et:

Et ¼ Δ0E þ Ech ð1Þ

Physical exergy Δ0E is that part of exergy that is a
result of the mismatch of the temperature and pressure
considered pertinent to the temperature and environ-
mental pressure. The exergy that arises from the differ-
ence in composition is the chemical exergy Ech.

Table 3 Characteristics of coal and the generator gas

Indicators Value

Coal composition

Сarbon (wt%) 53.4

Hydrogen (wt%) 3.9

Sulfur (wt%) 6.2

Oxygen (wt%) 4.9

Nitrogen (wt%) 0.9

Ash (wt%) 25.7

Moisture (wt%) 5.0

Lower heating value—LHV (kJ/kg) 21,772

Composition of raw generator gas (vol%)

CO 43.66

CO2 0.87

H2 13.02

N2 41.8

CH4 0.0011

H2O 0.055

H2S 0.58

LHV(kJ/m3) 6,243.53

Density (kg/m3) 1.1

The concentration of ash in the generator
gas before cleaning (kg/m3)

0.1282

Table 4 Characteristics of the
primary flows Name of the flow Consumption,

kg/kg
Temperature,
K

Heat capacity,
kJ/kg·K

Pressure,
MPa

Coal to the mill 1 293 1.0855 –

Drying agent to the mill 1.26 423 1.02 0.104

Pulverized coal into the gasifier 0.99 293 1.088 –

Air into the gasifier 1.26 343 1.02 0.102

Water vapor in the gasifier 0.34 623 2.038 0.2

Slag from the gasifier 0.01 973 0.75 –

Producer gas to cleaning 0.61 973 1.09 0.101

Ammonia to the adsorber 0.00079 293 2.175 0.101

Water vapor in the adsorber 0.04 398 2.1956 0.16

Air to the adsorber 0.02 293 1.02 0.104

Activated carbon to the
adsorber

0.00005 293 0.92 –

Producer gas into the
combustion chamber

0.61 1,073 1.09 0.101

Air in combustion chamber 2.96 293 1.02 0.102

Combustion products in the
recovery boiler

20.05 693 1.31 0.58

Feed water into the boiler 1.7 293 4.19 0.2
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There are also a kinetic exergy (kinetic energy that is
calculated using the rate of movement relative to the
environment) and potential exergy (potential energy
relative to the zero level connected to the environment),
but according to (Szargut & Petela 1967), they can be
disregard in the calculations.

The scientific and methodological basis of the
concept of exergy, which is based on the second
law of thermodynamics, and the principles of the
exergy analysis of processes and technical systems
are developed and presented in the fundamental
works. However, current requirements for the op-
timization of the technical systems require the basic
provisions of the exergy analysis to be performed with
new representations.

The primary processes that occur in the production of
heat and electricity from coal in small-scale power
plants are as follows: drying, grinding coal, gasification,
cleaning the gas, combustion of generator gas in the
combustion chamber of the gas turbine unit, and heat
production in the recovery boiler.

This work describes in detail the processes of
the preparation of the fuel for gasification, includ-
ing its crushing and drying, as well as the process
of gasification to produce the product gas and to
clean it.

One of the key processes in the preparation of the fuel
is mechanical grinding, which is primarily performed in
two stages: crushing and pulverizing. Advanced
exergy analysis of the process has not been con-
ducted, although the process increases the reactiv-
ity of coal during its subsequent use due to the
increase in the surface area and due to the mechanical
activation for breaking the connection between the com-
ponents of the organic mass of coal. If crushing is
performed without heat transfer, the exergy balance is
given by the following:

E
0
c þ Lmill ¼ E″

c þ Amill þ Alos:mill þΔEmill; ð2Þ

where Ec
′ and Ec

″ are the exergy of coal before and
after grinding, respectively, Lmill is the electric power
consumed to drive the mill, Аmill is the work spent on
crushing coal, Еlos.mill is the external exergy loss in
crushing related to heat exchange with the environment
and the loss of coal from dusting, and ΔЕmill is the
internal exergy losses during grinding.

The value of Аmill can be indirectly estimated from
the grinding parameters defined according to the theory
of P.A. Rebinder by the formula (Rebinder 1979):

Amill ¼ σΔF þ kΔV ; ð3Þ

where σ is the specific surface energy consumed by
the formation of new fracture surfaces in the solid,ΔF is
the surface formed at failure, k is the work of the elastic
and plastic deformation per unit volume of a solid, and
ΔV is the part of the solid affected by deformation.

In the case of a large crushing product, kΔV is much
higher than σΔF and the power consumption is approx-
imately proportional to the fragmentation of the volume
of a solid. When a member of the fine grinding σΔF
becomes prevalent, the power consumption is propor-
tional to the grinding surface of the crushed particles.

The chemical exergy of coal can be defined in vari-
ous ways (Eisermann& Conger 1980). In this paper, the
chemical exergy of coal is determined by the ratio
proposed by Stepanov (Stepanov 1990):

echc ¼ 1:009þ 0:131Oþ 0:116W

100− АþWð Þ
� �

LHV; ð4Þ

where O is the oxygen content of the coal in terms of
the working mass, %;W is the moisture content in terms
of the working masses, %;А is the ash content of coal in
terms of the working masses, %; and LHV is the lower
heating value of coal, kJ/kg.

The most common preparation technique for solid
fuel is drying combined with crushing in a pulverizing
mill. All the components of the exergy balance of drying
and grinding can be determined from the known depen-
dence on exergy efficiency using the formula:

ηg:d ¼
E″
c þ E″

evap þ Amill þ E″
d:a

E
0
d:a þ E

0
c þ Emech þ

X
Lg:d

; ð5Þ

where Ed.a
′ and Ed.a

″ are the exergy of the drying agent
at the inlet and outlet, respectively, of the mill; Ec

′ and Ec
″

are the exergy of the coal supplied to the mill and the
pulverized coal, respectively; ∑Lg.d is the electrical
power used by the equipment for drying and grinding;
Eevap
″ is the exergy expended on evaporation; and Emech

is the exergy used for the operation of the mill.
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The most difficult process in the preparation of the
fuel is thermochemical conversion (pyrolysis and gasi-
fication) with the production of energy and gas, liquid,
and solid products. The efficiency of the gasification
process is determined by the relation:

ηgas ¼
E″
g:g

E
0
c þ E

0
ox þ

X
Lgas þ Echem:r

; ð6Þ

where Eg.g
″ is the exergy of the generator gas; Ec

′ is the
exergy of the fuel; Eox

′ is the exergy of the oxidants
(water vapor and the drying agent from the mill); ∑Lgas
is the electrical power used to drive auxiliary devices;
and Echem.r is the chemical exergy of the heat gasifica-
tion reaction.

Szargut and Petela (Szargut & Petela 1967) calculate
the chemical exergy Et of the generator and pyrolysis
gases produced in the process of gasification of coal
according to the formula:

Et ¼
X
i

GiΔii
T
T0
−T0

X
i

GiΔspi

����� T
T0

�� þ nRT 0 ln
p

p0

þ
X
i

Gieni þ T−T 0

T

X
i

Gi dni−enið Þ

þ RT0

X
i

nilnzi þ nH2ORT ln
p0H2On

p0H2O
;

ð7Þ

where Gi is the quantity of the substance of a com-
ponent of a solution, mol; eni is the normal chemical
exergy of the pure substances of a solution, kJ/mol; dni is
the enthalpy of devaluation of the pure substances of a
solution, kJ/mol; T0 is an environmental temperature, K;

T is the valid temperature, K; Δii T
T0

��� is the change of

enthalpy component in the range from an environmental
temperature to the valid temperature, kJ/mol; nH2O is
the quantity in kilomoles of the water steam participat-
ing in the reaction of the devaluation in the quality of the
resultant substance of readout count, kmol; ni is the
quantity in kilomoles of a component, kmol; n is the
total quantity in kilomoles of the substances the solu-
tion, kmol; p0H2O is the effective partial pressure of
steam water in the environment, МPа; p0H2On is the
normal partial pressure of steam water in the environ-

ment, МPа; p is the pressure of the substance, МPа; Δ

spi T
T0

��� is the isobaric change of the entropy component

in the range from an environmental temperature to the
valid temperature, kJ/kmol·K; and R is the universal gas
constant, J/mol·K.

The exergy of the air and water vapor acting as
oxidants is determined according to the dependences
given in a previous work (Afanasyeva & Mingaleeva
2009).

For the determination of the chemical exergy of
complex substances, they can be considered as a me-
chanical mixture (sum of included compounds). Then,
knowing the unit values of all chemical exergy included
compounds, the chemical exergy of the slag will be
determined by the following equation:

Esl ¼
X
z

vzez; ð8Þ

where vz is the share of z chemical compound in a
unit of the substance under consideration and ez is the
specific chemical exergy of the z compound.

The exergy of slag is not included in the equation of
the efficiency of the gasification process, but it is present
as an expense in the exergy balance. The slag composi-
tion in this example is as follows, %: SiO2—58,
Al2O3—25, Fe2O3—14.5, CaO—1.8, and MnO—0.7.
The specific chemical exergy of each compound has
been adopted in accordance with the values in the liter-
ature (Stepanov 1990). The slag in the low-capacity
power plant after treatment can also be used as a by-
product. Such technological solutions exist, but the issue
is not considered here.

Further use of the product gas in power plants re-
quires the removal of H2S. The exergetic efficiency of
the cleaning unit used to remove H2S is calculated by
the following equation:

ηclen ¼
E″
g:g þ E″

S

E
0
g:g þ E

0
a:c þ E

0
a þ E

0
NH3

þ E
0
w:v þ E

0
NH4ð Þ2S

;

ð9Þ

where Eg.g
′ and Eg.g

″ are the exergy crude and refined
generator gas, respectively; Es

″ is the exergy of the by-
product sulfur; Eа.c

′ is the exergy of the activated carbon-

absorbent entering the treatment unit; E
0
NH3

is the

exergy of NH3 for the adsorption process; E
0
NH4ð Þ2S is

the exergy of (NH4)2S for regeneration of activated
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carbon; Ea
′ is the exergy of air; and Ew.v

′ is the exergy of
steam for the regeneration of activated carbon.

The exergy of activated carbon that is used for
cleaning the generator gas is calculated by analogy with
the formula for the slag (8) with the corresponding
component composition and the specific chemical
exergy components. The composition of the activated
carbon is the following, %: C—94, H—0.7, and O—
5.3. The exergetic efficiency of the primary generating
equipment, the gas turbine, is determined by the follow-
ing relationship:

ηel ¼
Ng:t:p

E
0
g:g − E″

comb

; ð10Þ

where Ng.t.p is the capacity of the power equip-
ment—the gas turbine unit; Ecomb

″ is the exergy of the
combustion products generated in the combustion
chamber of the combustion generator gas; Eg.g

′ is the
exergy of the generator gas supplied to the gas turbine
combustor.

The exergetic efficiency of the waste heat boiler is
calculated by the relation:

ηh:r:b ¼
E″
w:v

E
0
comb þ E″

s:w

; ð11Þ

where Es.w
′ is the exergy of feed water supplied to the

heat recovery boiler; Ew.v
″ is the exergy of steam pro-

duced in the recovery boiler; and Ecomb
′ is the exergy of

the combustion products entering the waste heat boiler.
For a complete evaluation of the effectiveness of the

low-capacity power plant, which operates on solid fuel
and produces heat, electricity, and useful by-products,
we propose a new indicator that includes the exergy of
all the useful components.

The exergetic efficiency of the entire scheme of a
low-capacity coal-fired power plant is determined by the
ratio of the generated electrical power Ng.t.p, the water

vapor produced in the recovery boiler Ew.v
″ , the exergy

of sulfur Es
″ to the exergy of fuel Ec

′ , the exergy of air ∑
Ea required for the basic processes (refining and com-
bustion of the generator gas in the combustion chamber
of the gas turbine unit), the exergy values of the cooling
water and feed water in the heat recovery boiler ∑Ew,

ammonia E
0
NH3

, water vapor ∑Ew.v
′ , sulfur ammonium

E
0
NH4ð Þ2S , activated carbon Ea.c.

′ , and electric power of

main and auxiliary equipment ∑L:

ηscheme ¼
N g:t:p þ E″

s þ E″
w:v

E
0
c þ

X
E

0
a þ

X
E

0
w þ E

0
NH3

þ
X

Lþ
X

E
0
w:v: þ E

0
NH4ð Þ2S þ E

0
a:c

: ð12Þ

The proposed performance indicator includes the
exergy of the produced by-product in addition to the
thermal and electrical energy. This approach greatly

increases the possibility of complex assessing the effi-
ciency of technical objects, the results of which are the
energy and chemical products.

Table 5 The values of exergy of the primary flows in a low-
capacity power plant

Description of flow Value of exergy,
kJ/kg fuel

Coal at the entrance to the mill, Ec
′ 22,362

Drying agent at the entrance to the mill, Ed.a
′ 47.14

Heat flux on the evaporation, Eewap
″ 28.54

drying agent output, Ed.a
″ 16.56

Crushed coal, Ec
″ 21,305.12

Water steam for gasification, Ew.v
′ 335.05

Generator gas, Eg.g
′ 17,287.65

Air for gasification, Ea
′ 12.8

Slag, Esl 5,738.2

Generator gas after cooling, Eg.g
″ 16,973.48

Water to cool the gas, Ew
″ 2.98

Ammonia, E
0
NH3

0.03

Air to clean, Ea
′ 17.78

Activated coal, Eа.c
′ 1.59

Water steam, Ew.v
′ 33.57

Ammonium sulfide, E
0
NH4ð Þ2S

18.37

Sulfur, Es
″ 0.58

The air in the main equipment, Ea
′ 4.58

Generator gas in the main equipment, Eg.g
′ 16,959.6

Combustion products, Ecomb
′ 4,867.7

Feed water into the waste heat boiler, Ew
′ 63.07

Steam from the waste heat boiler, Ew.v
″ 2,122.94
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Results

Using the above relations for the considered low-
capacity coal-fired power plant, we determined its
exergy efficiency. The relevant exergy values of the
major flows are listed in Table 5.

The results of the calculations of the exergy efficien-
cy are listed in Table 6.

The obtained values of exergy efficiency for this
scheme are consistent with the estimates for other types
of scheme. In the work Cau et al. 2012, the results of
evaluation of the efficiency of the process producing
electrical and thermal energy presented, which
accounted for 27.1 and 59.0%, respectively. In the work
by Afanasyeva & Mingaleeva (2009) exergy efficiency
low-capacity power plant, but with the production of
activated carbon, was 35 %. According (Szargut &

Petela 1967) value of exergy efficiency for large coal-
fired plants is in the range 30–39 %.

To visualize the conversion of the flows and the
losses, we use the exergy diagram (Fig. 2).

In that diagram, the value of each flow and the exergy
loss matches the width of the strip that characterizes this
flow and loss of exergy. Thus, using a diagrammatic
representation, it is possible to indicate not only their
value but also their distribution inside the system.

In determining the efficiency of power plants, espe-
cially for small-scale power plants, it is necessary that
the main performance indicators are reflected in the
comprehensive nature of the processing of the solid
fuels.

This scheme can be improved in the following ways.
Thus, a fraction of the heat of combustion products can
be sent to the mill for heating the drying agent; the
coarse and fine fractions of coal after the cyclone and
filter can be sent back to the gas generator; and, in
addition, the production of sulfur on the low-capacity
power plant can be produced by other products: slag and
activated carbon.

However, in this case, we need the definition of the
economic performance of these technologies to provide
getting of the profit. The main criteria guiding the
choices of the owner of a power plant are the low cost
of the energy produced in conjunction with the high-
energy efficiency of the plant.

Table 6 Results of the calculations of the exergy efficiency

Description of process Exergy efficiency, %

Coal grinding and drying 51

Getting the product gas 79

Cleaning the generator gas from the H2S 97

Getting electric power 31

Getting heat power 43

The whole scheme 26

Fig. 2 The diagram of the exergy
flows for the low-capacity power
plant. I mill, II gasifier, III block
of purification and cooling, IV
adsorber, V heat exchanger,VI gas
turbine unit, VII heat recovery
boiler, Eсf

″ exergy of coarse
fraction of coal, Ef

″ exergy of fines
coal, ∑Lpc electrical power used
by the equipment for purification
and cooling, Ec.p

″ exergy of
combustion products
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Conclusion

In the work, the analysis of efficiency of the scheme
low-capacity power plant with coal gasification and
production sulfur as a by-product of using the exergy
method was carried out. The basic processes in the
scheme were considered; efficiency indicator of low-
capacity power plant with the production of by-products
was obtained. Exergy efficiency of the scheme was
26%. That approach allowed to assess comprehensively
taking into account the formation of a new surface at
crushing of coal and the capability of production by-
product. It certainly will enhance the possibility of
assessing technological decisions for low-capacity pow-
er plant and their comparative analysis.
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