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3UREOHPGHVFULSWLRQ
Energy saving in combined heat and power plant sector is inextricably linked with energy
and fuel savings and leads to increased requirements in terms of quality of calculation,
design and exploitation of the power plants.
The aim of this study is to propose a comprehensive methodology for determining the
thermodynamic efficiency of solid fuel preparation systems at combined heat and power
plant and develop recommendations for obtaining rational parameters of the fuel
preparation system.
The object of study is the CHP-2 of Temirtau, Karaganda region of the Republic of
Kazakhstan. The facility was commissioned in 1973 and it is functioning as a source of
energy for the enterprises and the city. Steam boilers of TP-81 (E-420-140) combined heat
and power plants are equipped with two closed dust preparation systems with an
intermediate hopper and with a ball drum mill (BDM) for each boiler. In total, 6 TP-81
boilers with a total capacity of 2520 t/h running on Karaganda coal (industrial product)
with a water content of W = 11.0% were installed at CHP-2. The humidity of the final dust
Ws = 1.2%. Based on boiler tests performed in 2003, the maximum humidity of the
incoming fuel was 14% [3]. The working humidity of the fuel at the preliminary stage of
drying can be reduced to Wp = 9.0%.
Figure 1 shows an individual closed circuit system for the preparation of coal dust with
an intermediate hopper with drying of coal with hot air and recirculation of the drying agent
after separation in a cyclone for the reuse of transport of highly concentrated dust into the
burners of the TP-81 boiler.


)LJ6FKHPDWLFGLDJUDPRIDQLQGLYLGXDOFORVHGGXVWSUHSDUDWLRQV\VWHPZLWKDEDOOGUXPPLOODQG
DQLQWHUPHGLDWHKRSSHUDW&+3RI$UFHORU0LWWDO7HPLUWDX-6& $07-6& 

The schematic diagram of the preparation of coal dust at CHP-2 of AMT JSC, presented
in Figure 1, differs from the traditionally accepted individual dust preparation schemes with
an intermediate bunker for ballast. The distinctive features of the solid fuel preparation
system installed at CHP-2 include the following:
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- there is a periodic warming up and thawing of coal coming to the station, in terms of
the proximity of the distance to the coal mining field;
- thawing of fuel is carried out only in exceptional cases with hot air heated in a steam
running heater, when there is severe freezing of fuel at very low air temperatures
during the winter;
- the rest of the time, coal is dried with hot air from the air heaters of steam boilers
only before fuel is supplied to the ballast;
- the temperature of the drying agent is regulated by mixing hot air after the second
stage of the air heater at a temperature of 370 oC, slightly superheated air after the
first stage of the air heater and cold atmospheric air;
- early crushing coal stages are not monitored resulting in coals with large pieces
(more than 25 mm) which further are fed into the mill;
- because coal enters continuously into the crude fuel bunkers of the boiler room,
equipped with gratings of 40x40 mm in size, and installed above the bunker, the mill
experiences overload in operation;
- the absence of a stage of crushing fuel leads to significant increases in energy
consumption for grinding, a decrease in grinding and drying performance of the
mill;
- due to the lack of material opportunities to replace old equipment with new
equipment at the CHP, semi-mechanical regulation of the main operations and the
dust preparation system is still being applied.
Taking into account the noted shortcomings in the operation of the fuel path and in the
scheme for preparing coal dust at CHP-2, the following measures can be proposed to
improve the quality of the fuel supply path and the dust preparation system:
1. Installation of a crushing press having a studded surface. When the press acts on
the surface of the grate with the remnants of pieces of coal stuck on the surface of
the super-bunker grating, large pieces of coal are crushed to sizes less than 25 mm.
The proposed hydraulic press has a low specific energy consumption, is
convenient during operation and allows to reduce the consumption of electric
energy directly for grinding the fuel at the ball drum mill.
2. Automation of the entire dust preparation system, including automation of the
operation of the intermediate coal dust bin, will make it possible to control the
processes of fuel milling, the operation of the equipment and the parameters of the
processed coal dust. The proposed automation scheme for ball drum mill:
- Reduces the specific consumption of electric energy;
- maintains the stability of the fractional composition of coal dust;
- improve the maximum possible productivity of the mill, depending on the
characteristics of coal and a dust system at various levels of mill loading from 80 up
to 95% of the maximum possible load;
- optimizes the fuel grinding process;
- ensure the continuous monitoring of the filling level of the intermediate dust bin, the
fuel consumption of the boiler unit depends on the volume of coal dust;
- the presence of automatic technological regulators will allow maintaining the
parameters of the dust and gas mixture behind the grinding installation and making
technical decisions in various emergency situations.
Performing an exergy analysis will allow to assess the efficiency of the existing solid
fuel preparation system at ArcelorMittal Temirtau CHP-2 JSC and determine ways to
increase fuel economy and reduce electric energy for the plant’s own needs. The exergy
method is based on a comprehensive methodology for calculating the thermodynamic
efficiency of a fuel preparation system, including theoretical relations for determining the
exergy effect of individual structural units and fuel preparation systems as a whole [4].
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Thermodynamic analysis of systems, as well as establishing the relationship between
thermodynamic efficiency and technical and economic indicators, allows to determine the
external and internal energy losses in the system, divided by system sections and justify the
cost structure of thermal and electric energy received at a combined heat and power plant
[5].
To perform an exergy analysis of the coal dust preparation system, the balance
technological scheme shown in Figure 2 was adopted. Based on this technological scheme,
the thermal and exergy balance of the dust system was prepared in order to determine its
performance criteria.
The exergy balance of the solid fuel preparation system - the process of grinding and
further refinement steps are compiled with the main blocks - subsystems (Figure 2):
- Block I, where completely crude fuel is dried in the open air at the CHP and is
naturally crushed during transportation on a conveyor belt and loading fuel into a
hopper with a grate due to impact of pieces of fuel on the surface of the walls of the
hopper and grate;
- Block II, where the drying of crude fuel with hot air from the steam air heater is
carried out and further grinding in the ballast;
- Block III, where high concentration dust is supplied with a mill fan to the steam
boiler burners.


)LJ7KHUPDOEDODQFHRIDFORVHGIXHOSUHSDUDWLRQV\VWHPZLWKFRPELQHGGU\LQJDQGGXVW
SUHSDUDWLRQSURFHVVHV

Notations of energy flows used in the thermal balance of the fuel preparation system in
Figure 2 are as follow:
c - exergy of fuel for preliminary crushing stages without a crusher to sizes less
- E Fuel
than 40 × 40 mm;
cc
- ETrans
- exergy of the fuel, dried in the open air, transported by a belt conveyor to
the raw fuel bunker;
c - exergy of atmospheric air blown through stacks of coal;
- E Air

-

cc
- exergy of moisture of the initial fuel;
EWetfuel

-
-

E c - exergy of the drying agent (hot air);
c
- exergy of the heat flow released during the work of grinding parts of a ball
Eqmech

mill;
-
-

c - exergy of sucked air;
ESuck
c  L ccpr  Lbf
c - energy costs for the drive of the conveyor belt, for the drive
LM  LM

of the mill, for the drive of the hydraulic press and the blower fan;
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c - loss of exergy in the block P -1;
- 'ELost

- 'E , 'E , 'E - internal exergy loss in blocks P1-P3;
- 'E LostII - loss of exergy during grinding of fuel in block II;
-

cc
ECO

- exergy of finished coal dust;

Ecc - exergy of the spent drying agent without taking into account the enthalpy of
evaporated moisture;
cc
- Eqevap
- the exergy of the heat flux spent on the evaporation of moisture in the fuel.

-

¦ ȿc  ¦ ȿc  ¦ Lc ¦ ȿcc  ¦ ȿcc  ¦ Lcc ǻ( ǻ(
M

q

M

q

Loss

(1)

where:
c - exergy of material flows at the entrance to the fuel preparation system
- ȿ cM  ȿ cM
and at the exit, respectively;
- ȿ cq  ȿcqc   exergy of heat fluxes entering the system and resulting from the
operation of the system itself;
- Lc  Lcc electric energy at the inlet and outlet of the fuel preparation system;
- ǻ( ǻ( Loss internal and external loss of exergy in the fuel preparation system.
The total exergy efficiency of the fuel preparation system can be expressed with the
following equation:

c 
E cfp

K

S

¦ Ecc

af

k 
m

n

¦ Ec  ¦ L
i

i 

(2)
j

j 

c   exergy of the prepared fuel, which is actually a coal dust, sent for
where: E cfp
cc exergy of associated flows.
combustion in the boiler burners; E af

For a closed fuel preparation system with combined drying and dust preparation
processes (Figure 2), the exergy efficiency of individual subsystems and the entire system
as are determined with the expression (3).
The exergy efficiency of individual units and the fuel preparation system itself
determine the overall performance of the system. The exergy efficiency of block I, which is
responsible for preliminary drying and grinding is expressed with:

KI

cc
ETrans
n

¦
i 

c 
Edi

m

¦ Lc

dj

(3)

j 

where: exergy of heated and dried fuel is considered as useful components of the exergy
balance.
The exergy efficiency of block II, which is responsible for the final drying and dust
preparation is as follow:
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K II

c  Eqevap
cc
E Fuel
 Edcc
n

¦

c 
Edi

i 

m

¦ Lc

(4)

dj

j 

where exergy of heated and dried fuel is considered as useful components of the exergy
balance.

([SHULPHQWDOVWXG\5HVXOWV
The exergy efficiency analysis makes it possible to evaluate the efficiency of the solid fuel
preparation system and the contribution of the individual stages of its conversion and make
an adequate conclusion about energy costs when changing the characteristics of the fuel [4].
To calculate the exergy efficiency of the fuel preparation system and its subsystems, the
main indicators of fuel and coolants in the fuel supply and dust preparation system are used,
as shown in Table 1.
Table 1. Summarized data about the fuel used
Industrial product
(stone coal)
11
27.6
28
0.7
20 222

Brand and type of fuel
Material water content, Wr , %.
A-ash content, Ar, %:
Volatile yield, Vg, %:
Sulfur content, Sr, %;
f

Lower calorific value of fuel, Ql , kJ/kg
Fineness grinding factor, R , %

18.2

Quantity of fuel used per hour, q , t/h

50.6

Air temperature at the outlet of the air heater, t gair , ° :

338

Ambient air temperature texair ., ɋ

-7
30

Boiler room temperature tbroom , ɋ
Air consumption at the outlet of the air heater, Gair ,

m3/s

Mill type

6.9
Drum type, 320/570

The calculation results for an individual dust preparation system with an intermediate
hopper with hot air drying of Karaganda coal (industrial product) are presented in the form
of an exergy Sankey diagram in Figure 3 and Table 2.
Exergies of material flows, i.e. coal, a drying agent, prepared coal dust, included in Eqs
(3) up to (6) are defined in various ways:
c
- the exergy of the fuel after the crushing stage of EFuel
is determined by ND
Zakharov [5], taking into account the well-known characteristics of coal as the
c
lowest chemical exergy Elchem


Elchem

ª
º
O p  W p » p
«


Q
«
p W p » l


A
«¬
»¼

6

(5)
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where O p is the oxygen content in the working fuel; A p W p  Qlp are humidity, ash and
lower heat of combustion of the working fuel. 


)LJ'LDJUDPRIH[HUJ\IORZVIRUDQLQGLYLGXDOGXVWSUHSDUDWLRQV\VWHPZLWKDQLQWHUPHGLDWHFRDO
GXVWELQ
Table 2. Calculation results of the exergy analysis of the fuel supply and dust preparation systems
with a maximum fuel moisture content Wr = 14.0%.

Name of item/system
1
2
3
4

Pre-drying and grinding
Drying and Dust
Preparation at BDM
High concentration dust
supply system
For the entire system
with high concentration
dust

Exergy of
flow at the
inlet of
each item,
kJ/kg, E c
12.69

Exergy of flow
at the oulet of
each item,
kJ/kg, E cc

Losses,
kJ/kg,
Elosses

Exergy
efficiency , %

0.58

3.78

6.6

554.7

50.21

314.47

20.9

312.85

87.21

-

27.9

1099.65

183.63

318.25

23.5

The exergy of a homogeneous substance (hot and cold air) is determined with the
following relation:
7
·
§ 7M
G7 T M
G7 ¸ 5
S
¨
F S G7  T M  F S G7  7 ¨ F S
  FS
¸  0 7R OQ S 
7
7
7
¸
¨7
M
R
7M
7
7
¹
© 
7M

ǻ ɟ

³

7M

³

³

³

(6)

where 7R and S R are the temperature and pressure of the surrounding media, expressed
in K and Pa; 7 and S are current values of the temperature and pressure; q j  T j are heat
and temperature of the phase change in kJ/kg and K; c p - specific heat capacity, kJ/(kg.K);
R - Universal gas constant, kJ/(kmol.K); M - molecular weight if the substances.
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The exergy of the heat flux is calculated by the formula [6,7,8]:

ȿT

Ĳ ɫ  4lɪ

§ Ɍɨ ·
¸
¨ 
Ɍ ¹
©

(7)

Steam exergy is determined by Eq. 8 (per 1 kg of fuel) [2, 6]:
ȿT
ȿcsteam

Ĳ ɫ  4lɪ

§ Ɍɨ ·
¨ 
¸
Ɍ ¹
©

qst hsc  hsi  T ssc  ssi

(8)



(9)

where hsi (kJ/kg) and ssi (kJ/(kgK)) are enthalpy and entropy of steam at 7R and S R ;
hsc (kJ/kg) and ssc (kJ/(kgK)) are enthalpy and entropy of steam at 7 and S ; q st  
specific steam consumption per 1 kg of fuel, kg/kg.
The calculated data indicated in table 1 show that block I, of preliminary periodic
drying and grinding, has a low exergy coefficient (6.6%), as well as block II, of continuous
drying and dust preparation on a ball mill (20.9%). In terms of energy efficiency
preliminary drying and grinding amounted to 6.6%, where the exergy loss of 3.78 kJ/kg is
associated with the conditions of drying the fuel with a steam heater, where significant
losses due to moisture and freezing of the fuel are presence. When organizing continuous
pre-drying of the fuel, the exergy efficiency of block I will increase as the working
humidity of the fuel decreases from 14% to 9% and this leads to a decrease in the exergy of
the working fuel after the crushing stage ȿcFuel , determined by formula (6). The exergy
losses ' ȿ I decrease from 3.78 kJ/kg up to 2.05 kJ/kg, which resulting in increased exergy
efficiency of block I from 6.6% up to 9.8%.
Exergy losses in the drying and dust preparation unit (Figure 4) are due to high
consumption of electric energy for grinding – 314.47 kJ/kg of fuel. The annual power
production of CHPP-2 is 2 890 878 thousand kWh, electricity consumption for own needs
is 370 000 thousand kWh. In general, electricity consumption for dust preparation in terms
of the total electricity consumption for auxiliary needs of CHPP-2 is 17.16%, and electricity
consumption for crushing coal from the total electricity generation is 2.2%. During the
grinding process, large pieces of fuel with sizes exceeding 25 mm get into the mill, since
the preliminary stage of coarse and fine crushing of fuel is not carried out at the power plant
under consideration and pieces of coal with a size of 40×40 mm fall into the raw fuel
hopper. To reduce exergy losses and to reduce the size of crushing, a device for crushing
coal is proposed, containing a hydraulic hammer, a ramming plate, a hydraulic cylinder. A
positive result is achieved by reducing the idling time of technological equipment for the
preparation and supply of fuel to boilers, the time to start supplying coal by combining the
work of crushing and fractionation with a predetermined sieve composition, ensuring
efficient operation of the fuel supply and optimal loading of the mill.
The fuel preparation system at CHP-2 is very outdated, the main equipment of the fuel
path is 2 up to 2.5 operational lives of such facilities, so many fuel supply and fuel treating
processes are carried out by semi-mechanical drive devices. In this regard, here is proposed
a scheme for automating the operation of an intermediate coal dust bin.
The scheme (Figure 5) for measuring the dust level using vibration level tool allows
accurately determination of the amount of coal dust supplied to the burner devices, evaluate
the grinding performance [10] of the mill and refine the technical and economic
performance of the steam boiler [9].
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)LJ5HODWLRQRIWKHH[HUJ\HIILFLHQF\RIDKLJKFRQFHQWUDWLRQFRDOGXVWSUHSDUDWLRQV\VWHPLQ
WHUPVRISUHOLPLQDU\GU\LQJDQGJULQGLQJXQLWIRUIXHODQGIXHOH[HUJ\RIPRLVWXUH:U


)LJ0HDVXULQJWKHOHYHORIFRDOGXVWZLWKDYLEUDWLRQOHYHOWRROFRDOGXVWELQFRDOGXVW
YLEUDWLRQOHYHOPHWHU PHDVXULQJWKHXSSHUOLPLWPLGGOHORZHUOLPLW YDOYHJDWH
WKHUPRPHWHUIRUPHDVXULQJGXVWWHPSHUDWXUHVFDOH

Continual monitoring of the level of coal dust in the dust bin, as well as discrete
monitoring is not difficult, but various factors influence the choice, such as dimensions,
measurement conditions [12].
Tracking the exact amount will provide full control of the dust level in the hopper, since
it is necessary to constantly monitor not only the upper, but also the lower dust level in the
hopper [12].
As a result of the proposed measures to improve the operation of the fuel preparation
and dust preparation system of CHP-2, an increase in the total exergy efficiency was
obtained from 23.5% up to = 28.3%.

&RQFOXVLRQ
$FRPSOH[PHWKRGRORJ\LVSURSRVHGIRUFDOFXODWLQJWKHWKHUPRG\QDPLFHIILFLHQF\RIVROLG
IXHOSUHSDUDWLRQV\VWHPV LQWHUPHGLDWHSURGXFWRIFRDORIWKH.DUDJDQGDEDVLQ EDVHGRQWKH
H[HUJ\ PHWKRG ZKLFK LQFOXGHV WKHRUHWLFDO GHSHQGHQFHV IRU GHWHUPLQLQJ WKH H[HUJ\
HIILFLHQF\ RI LQGLYLGXDO VWUXFWXUDO XQLWV DQG IRU HQWLUH IXHO SUHSDUDWLRQ V\VWHP 0HDVXUHV
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DLPHG DW LPSURYLQJ WKH HQHUJ\ HIILFLHQF\ RI WKH IXHO SUHSDUDWLRQ DQG GXVW SUHSDUDWLRQ
V\VWHPVRIWKHSRZHUSODQWDUHSURSRVHG
 $V D UHVXOW RI WKH LQWURGXFWLRQ RI DGGLWLRQDO VWDJHV LQ WKH IXHO SURFHVVLQJ SURFHVV DQ
LQFUHDVH LQ WKH H[HUJ\ HIILFLHQF\ RI WKH IXHO VXSSO\ DQG GXVW SUHSDUDWLRQ V\VWHPV ZDV
REWDLQHG 7KH LPSURYHPHQW LQ WKH V\VWHP UHVXOWLQJ LQ LQFUHDVHG HQHUJ\ HIILFLHQF\
DPRXQWLQJfrom 23.5% up to = 28.3%.
7KHILQHQHVVRIJULQGLQJRIGLIIHUHQWFRDOVLVVHOHFWHGEDVHGRQWHFKQLFDODQGHFRQRPLF
FRQVLGHUDWLRQV$GHFUHDVHLQWKHVL]HRIDJUDLQRIGXVWOHDGVWRDQLQFUHDVHLQWKHVSHFLILF
VXUIDFHDUHDRIWKHIXHOZKLFKIDYRUVLWVFRPEXVWLRQEXWWKLVLVDVVRFLDWHGZLWKDQLQFUHDVH
LQ HQHUJ\ FRQVXPSWLRQ IRU GXVW SUHSDUDWLRQ :LWK FRDUVHQHVV RI JULQGLQJ WKH HQHUJ\
FRQVXPSWLRQ IRU GXVW SUHSDUDWLRQ GHFUHDVHV KRZHYHU WKH ORVV RI KHDW IURP PHFKDQLFDO
XQGHUEXUQLQJ LQFUHDVHV ,Q WKLV UHJDUG LW LV QHFHVVDU\ WR RSWLPL]H WKH GXVW SUHSDUDWLRQ
V\VWHPWRUHGXFHHQHUJ\FRVWVDQGLPSURYHWKHTXDOLW\RIFRDOJULQGLQJ
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