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Abstract

This study presents an analysis of the process of the use of waste heat from flue gas for the purposes of heating
water in the regeneration system of a steam power unit fuelled with brown coal with a power of 900 MW
Preparation of flue gas and its initial moistening (increasing the dew point temperature) followed by cooling
(condensation of the moisture contained in the flue gas) can ensure intensive heat exchange in the process
of heat recovery. Replacing a first regeneration exchanger with the heat recovered from flue gas allows for an
increase in steam power unit efficiency by 0.22% and limitation of CO, emissions by 22,810 t/year, while
reducing the fuel demand by 26,727 tonnes per annum. Depending on the prices of CO, emissions permits
and prices of brown coal, the proposed heat recovery allows for saving from €500,000 to €1,000,000 per
year.
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Streszczenie

W pracy przedstawiono analize procesu wykorzystania ciepla odpadowego ze spalin na potrzeby podgrze-
wu wody w ukladzie regeneracji bloku parowego opalanego weglem brunatnym o mocy 900 MW . Po-
przez odpowiednie przygotowanie spalin, ich wstepne nawilzenie (podniesienie temperatury punktu rosy),
a nastepnie ochlodzenie (kondesacje zawartej w spalinach wilgoci) mozna uzyska¢ intensywna wymiane
ciep}a w procesie odzysku cieplm Zastapienie pracy pierwszego wymiennika regeneracyjnego ciep}em po-
zyskanym ze spalin pozwala na wzrost sprawnosci bloku parowego 0 0.22% oraz ograniczenie emisji CO,
wilosci 22 810 ton/rok, dodatkowo zmniejsza zapotrzebowanie na paliwo w ilosci 26 727 ton/rok. W za-
leznosci od ceny uprawnien do emisji CO, i ceny wegla brunatnego proponowany odzysk ciepla pozwala
na oszczednosci od 0.5 do 1 miliona euro/rok.

Stowa kluczowe: cieplo odpadowe, uklad regeneracji, blok parowy
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1. Introduction

Electricity and heat in Poland is mainly generated through combustion of hard coal and
brown coal. These fuels are burnt in power boilers, mainly pulverized coal-fired and fluidized
bed furnaces and allow for production of steam with specific parameters and, consequently,
electricity. Efficiency of electricity generation in current industrial power boilers reaches a gross
value of 50%, resulting mainly from high initial steam parameters and the scale of the energy
sector. There are several investments with an installed capacity of 1,000 MW class currently
being implemented (Opole Power Plant, Jaworzno I1I Power Plant and Kozienice Power Plant).
It can be expected that the next power units in the 1,000 MW  class are going to be built in the
nearest future and replace the obsolete power units built in the 20* century that do not meet the
specifications contained in the standards concerning emissions. High efficiency of conversion of
chemical energy into electricity helps reduce emissions of CO, and other harmful substances to
the atmosphere. Therefore, further research is needed to improve the thermodynamic efficiency
of the electricity and heat generation process in the nearest future. One of the methods to
increase the efficiency of the thermodynamic cycle of a system is to improve the parameters of
live steam. However, the material needs and the related costs substantially limit the opportunities
for improving these parameters. The increase in the thermodynamic cycle efficiency can be
achieved through combined generation of electricity and heat.

This study presents investigations concerning the opportunities for using the heat
contained in flue gas that leaves the boiler to heat the condensate in the regeneration system.

2. Steam power unit

Conversion of the chemical energy contained in the fuel into heat in big energy boilers
reaches an efficiency of 85% to 95%. This efficiency depends mainly on the type of the fuel
(black coal, brown coal) and the water content in the fuel. The highest amounts of energy in
power boilers are lost in the form of flue gas waste. Therefore, several technologies of brown
coal drying aimed at limitation of the energy loss are being developed [1-4]. The flue gas
waste is caused by the high temperature of flue gas that leaves the boiler and the presence of
water steam in the flue gas. In the case of boilers fuelled with black coal, the temperature of
flue gas ranges from 120-150°C [5-7], and the flue gas humidity is ca. 0.080 kg/kg [S, 6, 8].
In the case of boilers fed with brown coal, the temperature of flue gas ranges from 160-180°C
[5-7], and the flue gas humidity is ca. 0.240 kg/kg [ S, 6, 8]. The flue gas temperature depends
on the content of water and SO, in flue gas.

This study presents investigations concerning the opportunities to utilize the heat of flue
gas from a power unit with power of 900 MW  fuelled by brown coal to replace the heat of the
first heat exchanger in the water regeneration system. Table 1 presents the basic parameters of
the steam power unit fuelled with brown coal.



Table 1. Basic parameters of steam power unit fuelled with brown coal

No. Parameter Value
1 Parameters of live steam before the turbine 30 [MPa]; 650 [°C]
2 Electric power of the power unit 900 [MW ]
3 Boiler efficiency 90 [%]
4 Flue gas temperature 170 [°C]
S Fuel flow rate 248.35 [kg/s]
6 Wet flue gas flow rate 1090.2 [kg/s]
7 Air-fuel ratio 1.2[-]
8 Calorific value 7.75 [MJ /kg]
9 Water content 0.5140 [-]
10 Ash content 0.1140 [-]
11 Characteristics of fuel in the Content of C 0.2320 [-]
12 operational state Content of H 0.0192 [-]
13 Content of O 0.1050 [-]
14 Content of N 0.0032 [-]
15 Content of S 0.0126 [-]
16 (co,) 0.1211 [-]
17 (80, 0.0025 [-]
18 Molar fractions of components (0, 0.0266 [-]
19 in wet flue gas (NZ) 0.5943 [-]
20 (H,0) 0.2484 [-]
21 (Ar) 0.0071 [-]
22 Environment parameters 0.1 [MPa]; 15 [°C]; ¢ = 0.6 [-]

The diagram of the thermodynamic cycle of the steam power unit is presented in Fig. 1. The
system is composed of three turbines: a high-pressure turbine, a medium-pressure turbine and
alow-pressure turbine. The supply water regeneration system is composed of four low-pressure
heat exchangers and three high-pressure exchangers, and an additional steam attemperator.
From the standpoint of heat recovery from the flue gas and using this gas in the regeneration
system, one can take into consideration only heat exchangers of the low-pressure section (HE1,
HE2, HE3, HE4). The temperature of the condensate that leaves the condenser and feeds the
regeneration system is also important from the standpoint of heat recovery. The operational
parameters of the low-pressure water regeneration system are presented in Table 2.

The analysis of the operational parameters of heat exchangers presented in the Table 3
can be based on the use of the waste heat from flue gas to replace the operation of the heat
exchangers HE1 and HE2. From the standpoint of operation of the steam power unit, the
most beneficial solution is to obtain the same parameters in the regeneration system during
heat recovery from the flue gas. This will help maintain the operational parameters of other
heat exchangers, which has a direct effect on the operation of steam turbine and other
regeneration exchangers.




Fig. 1. Diagram of thermodynamic cycle of the steam power unit: case CO

Table 2. Operational parameters of low-pressure heat exchangers

Heat Condensate Steam/condensate Mass flow rate
Heat power | temperature [oC] temperature [°C] [kg/s]
exchanger

(MW, t] Inlet | Outlet Inlet Outlet Condensate Steam
HE1 51.299 33 64 67 67 394.25 22.24
HE2 49.856 64 94 138.1 97 394.25 19.97
HE3 5§5.123 94.3 124 228.7 127 437.25 23.03
HE4 56.241 124 154 317.8 157 437.25 23.15
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Fig. 2. Diagram of the thermodynamic cycle of the steam power unit with introduction of the waste heat after the
heat exchanger HE1 through the exchanger WH1: case C1




Table 3. Comparison of selected parameters of steam power unit before (C0) and after using the heat recovery

(C1) by the exchanger WH1
Case
co C1
Gross efficiency [%] 46.7029 46.9229
CO, emissions [kg/s] 210.21 209.22
Fuel flow rate [kg/s] 248.65 247.49
Boiler heat power [MW, t] 1734.363 1726.245
Power of the power unit [MW ] 900 900
HEI power [MW ] 51.299 0
HE?2 power [MW ] 49.856 49.622
WHI1 power [MWt] - 51.058
Steam flow rate T1 [kg/s] 396.6 394.7
Steam flow rate T2 [kg/s] 374.3 394.7
Heat collected in the condenser [MW ] 846.556 889.368

Table 3 presents the results of calculations for the analysed cases of heat recovery from
the flue gas for the power unit fuelled with brown coal. Analysis of the data contained in
Table 3 reveals that replacement of the operation of the first regeneration exchanger HE1
with the waste heat from flue gas through building the WH1 exchanger (Fig. 2) allows for an
improvement in gross electricity generation efficiency by 0.22%. This leads to the reduction
of CO, emissions by 0.99 kg/s with simultaneous fuel consumption decrease by 1.16 kg/s,
which reduces boiler heat power by ca. 8.12 MW,. These effects were obtained through
replacing the HE1 exchanger with a power of §1.299 MW, with heat exchanger WH1 with a
power of 51.058 MW,. Consequently, the mass flow rate for the stream reaching the turbine
T1 declined insignificantly by 1.9 kg/s, which accounts for 0.479% of the nominal flow rate.
Due to the exclusion of the exchanger HE1, the flow rate of the steam supplied to the turbine
T2 rose by 20.4 kg/s, which is 5.45 % of the nominal flow rate. This led to the increase in flow
rate of the heat collected in the condenser by 42.81 MW (5.05% of the nominal heat flow
rate to the condenser). After replacement of the heat exchanger HE1 with the waste heat
from the exchanger WH1, changes in the operational parameters of the steam power unit
reach maximally 5.5% of nominal values, which allows for building this installation without
changing the flow in the turbine and condenser.

Due to its high efficiency and fuelling with cheap fuel (brown coal), the power unit of
900 MW  size should be operated for the longest possible time with nominal power. With
variable daily demand for electricity, it can be adopted that the power unit operates for
16 hours a day with a power of 900 MW  and for 8 hours a day with a load of ca. 40%, which
means 360 MW . Assuming that the power unit is operated for 8,000 hours a year, the benefits
of building the heat recovery installation can easily be calculated. It is possible to reduce CO,
emissions by 22,810 tonnes per year and the demand for fuel by 26,727 tonnes per year.
Based on the above information, the prices of CO, emissions permits and prices of brown
coal, the economic effect of heat recovery from flue gas can be evaluated. In the scenario “T’,
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assuming the price for emissions permits as €5 per tonne of CO, and €15 per tonne of brown
coal, the savings resulting from reduction in CO, emissions are €114,050 per year, whereas
the savings connected with reduced fuel consumption are €400,900 per year, which in total
yields €514,950 per year. With the scenario “II”, assuming the price of CO, emissions permits
per tonne of €15 and price of coal of €25 per tonne, the total savings can reach €1,010,300
per year.

Analysis of the above economic benefits should include the necessity of incurring costs
for construction of the heat recovery installation and their operating costs. The detailed
economic analyses will justify the profitability of building the heat recovery installation. The
study presents only the thermodynamic analysis of heat recovery from the flue gas for the
purposes of fuelling of the steam power unit.

3. Utilization of waste heat from flue gas

The use of the heat recovery presented in the previous section to feed the exchanger
WHI1 (Fig. 2) requires special preparation of the flue gas. The flue gas that leaves the steam
boiler fuelled by brown coal has a temperature of 170°C and contains much moisture that is
generated from combustion of the wet fuel and the hydrogen contained in the fuel.

The process of heat exchange between hot flue gas and the water inside the pipes of
the heat exchanger is limited by the value of the coefficient of heat penetration for the fuel,
which, for forced convection, reaches the values of up to 500 W/m?K [9-11], whereas steam
condensation for forced convection allows for achievement of this coefficient at the level
ranging from 3-10° to 2.10° W/m?K [9-14]. In order to conduct heat recovery from flue gas
effectively with the smallest possible size of heat exchanger, it is necessary to utilize the process
of steam condensation in the flue gas [15-20]. Condensation of water steam contained in the
flue gas also helps clean it from the residue fly ash and other compounds contained in the flue
gase.g. SO, Hg.

For the discussed boiler fuelled by brown coal, the outlet temperature of the flue gas is
170°C, and the water content determines the dew point at the temperature of 64.79°C. The
present section discusses the calculations for replacing the first regeneration heat exchanger
HE]1, where the condensate temperature is 64°C, with a heat exchanger WH1 that recovers
heat from flue gas and heats the condensate to 64°C. Despite the high temperature of flue
gas (170°C), the extension of the surface is needed for the process of heating water in the
exchanger WH1. While increasing the dew point temperature, a high coefficient of heat
penetration connected with water condensation can be utilized in the flue gas cooling process.
In this case, it is possible to ensure intensive heating of the condensate in the regeneration
system to 64°C. Currently designed and manufactured condensation heat exchangers [10, 16,
21, 22] can be operated at the temperature difference between the condensing water steam
and water in the exchanger pipes of 3°C.

The diagram of the process of flue gas preparation and heat recovery is presented in Fig. 3.
It is composed of the system of flue gas moistening and water condensation with condensate



heating. After cleaning from the fly ash, the flue gas that leaves the boiler is separated into two
streams I and 4. The stream 1 is supplied to the heat recovery installation, whereas the stream
4, after mixing with the stream 3, is transported to the chimney 10. The flue gas supplied to
the heat recovery installation with the stream 1 with temperature of 170°C is characterized
by the dew point temperature of 64.79°C, which results from the water content in the flue
gas. In order to improve the dew point temperature, flue gas is moistened through spraying
the water circulating in the closed cycle of 6, 7. Moistening leads to the reduction in the flue
gas temperature in point 2, increasing water content and, consequently, increasing the dew
point temperature to 67.22°C. It is necessary to reinforce the stream of circulating water with
the stream S. With the moistening process, flue gas is cleaned of ash, SO, and Hg. After this
preparation, the flue gas is supplied to the heat exchanger, where it is cooled and the water
contained in the flue gas is condensed. The stream 11 is used to remove the condensate.
The flue gas is cooled by the water collected after the heat exchange HE1 (8) and supplied
before the exchanger HE2 (9) to the temperature 64°C. Table 4 compares selected process
parameters of installation of flue gas preparation and heat recovery.
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Fig. 3. Flue gas preparation and heat recovery
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Table 4. Selected process parameters of installation of flue gas preparation and heat recovery

Temperature t?;;vel: :tinu:e Mass flowrate | Water content in Flu:og:tse::ter

[°C] [°C] [kg/s] flue gas [kg/kg] %]
1 170 64.79 83.51 0.1937 24.84
2 101.9 67.22 85.65 0.2244 27.68
3 36 36 72.55 0.0370 5.95
4 170 64.79 1006.49 0.1937 24.84
N 67 - 2.14 - -
6 67 - 7.5 - -
7 67 - 7.5 - -
8 33 - 394.7 - -
9 64 - 394.7 - -
10 160.1 63.95 1079.04 0.1817 23.27
11 36 - 13.1 - -

For the purposes of the process above, the expected flue gas flow rate that ensures
adequate heat flux for condensate heating in the regeneration system amounts to ca. 7.66%
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of the nominal flue gas stream. The proposed solution offers more effective utilization of the
heat contained in the flue gas for e.g. generation of the system heat for heating purposes or
heat for fuelling an absorption cooler used for the production of chilled water.

4. Conclusion

The heat recovery for the purposes of the low-pressure regeneration system allows for
improving the gross efficiency of the power unit by 0.22%. This allows for reduction in
CO, by 0.99 kg/s and demand for the fuel stream by 1.16 kg/s for the nominal power of
the power unit. Depending on the prices of CO, emissions permits and prices of fuel, it is
possible to reach savings ranging from ca. €500,000 to €1,000,000 per year. For the purposes
of heat recovery, the use of the flue gas moistening process and cooling with condensation
of the water, it is sufficient to collect ca. 7.66% of the total flue gas stream. The use of the
process of water condensation helps intensify the process of heat transfer from flue gas to
the heated condensate, allowing for a substantial reduction in the size of the heat exchanger.
Condensation of water contained in flue gas helps clean the flue gas of fly ash and other water-
soluble gaseous components. This also helps recover water from the flue gas.

Apart from the above benefits of the process of heat recovery, one of the drawbacks is
high costs of building the condensation heat exchanger as its material has to be resistant to
corrosion effect of the condensing flue gas and the gas they contain.
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