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 Theoretical Analysis of a Lignite-Fired Power Plant with Pre-

Drying System in Terms of Energy Efficiency and Economy 
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Graphical Abstract 

The figure shows the change in net power plant efficiency for coal types according to pre-drying degree. 

 

 

Figure. Net efficiency change of power plant according to the degree of pre-drying 

 

Aim 

The aim of this investigation is to design a pre-drying system that uses flue gas waste heat for a thermal power 

plant firing medium to high moisture coal.  

Design & Methodology 

In the study, coal pre-drying system was designed. In addition, drying characteristics of the coals were obtained 

and the coals to be used in the study are analyzed.. 

Originality 

Considering Turkey's coal reserves, the majority of domestic reserves are lignite with high humidity and low 

thermal value. Moisture content of lignite is one of the significant factors affecting the heat loss in the thermal 

power plant boiler. Against this backdrop, a theoretical investigation has been performed. 

Findings 

The energy efficiency increase with coal pre-drying is greater for coal-fired power plants with a higher initial 

moisture content.  

Conclusion 

Due to the increase in the lower heating value and in the boiler efficiency, the efficiency of the power plant with 

pre-drying could increase by 3.04-4.34%. The coal pre-dried power plant had far more economic performance 

than a power plant without pre-drying system, since more electricity would be obtained thanks to the increase in 

efficiency of the plant. 

Declaration of Ethical Standards 

The author(s) of this article declare that the materials and methods used in this study do not require ethical 

committee permission and/or legal-special permission. 
 



Politeknik Dergisi, 2021; 24(1) : 205-217  Journal of Polytechnic, 2021; 24 (1): 205-217 

     

205 

Theoretical Analysis of a Lignite-Fired Power Plant 

with Pre-Drying System in Terms of Energy Efficiency 

and Economy 
Araştırma Makalesi / Research Article 

Mehmet Mustafa YATARKALKMAZ1*,Mustafa Bahadır ÖZDEMIR2 

1Turkish Standards Institution, Ankara, Turkey 

2Department of Energy Systems Engineering, Gazi University, Ankara, Turkey  

(Geliş/Received : 06.01.2020 , Kabul/Accepted : 13.03.2020) 

ABSTRACT 

The coals with different initial moisture content to be used in the theoretical analysis were tested according to the related test 

standards and the results were used in the analysis. In the designed system, waste heat in the flue gas is used as the heat source. 

The fresh air is heated for drying in the shell-tube heat exchanger by means of flue gas. In fluidized bed dryers, the moisture of the 

coal was reduced by contacting the raw coal with the drying air. Due to the high initial moisture of the coals used in the theoretical 

analysis, the pre-drying degree could be at most 0.14 in order that the boiler feeding rate be the same as in the power plant feeding 

rate without pre-drying system. The system theoretically does not conform to the design parameters and the boiler feed rate is less 

than the flow rate of power plant without pre-drying system when the pre-drying degree is greater than 0.14. The pre-drying system 

had ten small capacity dryers working simultaneously to ensure the continuity of the boiler feed. In the study, the theoretical 

analysis was performed, and thermal performance of the power plant were formulized and graphically presented according to pre-

drying degree. Thanks to the pre-drying system, owing to the decrease in the moisture content of the coal, a reduction in the flue 

gas flow rate and the amount of energy required to evaporate the moisture are realized. As a result, there was a decrease in the 

boiler losses and an increase in the efficiency of the boiler. The increase in boiler efficiency was 10.74% when coal 1 had been 

used and it was 7.92% when coal 2 had been used. Since the coals are dried in the same drying system under the same conditions, 

the moisture of coal 1 decreases more, thus the losses of the boiler decrease more. Due to the increase in the lower heating value 

and in the boiler efficiency, the efficiency of the power plant with pre-drying could increase by 3.04-4.34%. The coal pre-dried 

power plant had far more economic performance than a power plant without pre-drying system, since more electricity would be 

obtained thanks to the increase in efficiency of the plant. The redemption period of the system was determined as 2 years with coal 

1 and it was determined as 3 years with coal 2. After the payback periods, the system makes a net profit and brings in an average 

of 55 million TL extra income per year. In addition, it was observed that when the degree of pre-drying was decreased, economic 

efficiency of the system also decreased. It is aimed that the study will provide principles of energy efficiency improvement in coal 

fired power plants with pre-drying system and will guide people who wants to do similar studies. 

Keywords:  Coal fired power plant, pre-drying of coal, fluidized bed dryer, power plant efficiency improvement, 

theoretical analysis. 
1. INTRODUCTION 

Energy is the foundation of economic development and 

has a great importance in the development of nations. 

Energy, which is one of the basic inputs of economic and 

social development, is become increasingly important in 

the future of the world and humanity. Therefore, planning 

and management sizes of energy gain importance. In this 

regard, effective and rational use of national resources is 

vital for energy management for every country. In recent 

years, ignoring domestic resources by focusing on 

imported resources in the selection of sources for 

electricity generation of Turkey has created significant 

risks in terms of energy security. Particularly, the 

opening of an uncounted, unplanned natural gas entry to 

Turkey resulted in the abandonment of electricity 

generation in thermal power plants using domestic coal. 

Examining the domestic installed capacity of coal, which 

is of great importance for Turkey, it is in evidence that 

the ratio in the coal based installed capacity is 53.5% 

while the proportion in the total installed capacity is 

12.1% [1]. Turkey has 51 operating power plants using 

domestic coal. There are 14 lignite, 1 anthracite and 1 

asphaltite thermal power plant with installed capacity of 

over 100 MW [2]. Considering Turkey's coal reserves, 

the majority of domestic reserves are lignite with high 

humidity and low thermal value. 

Moisture content of lignite is one of the significant 

factors affecting the heat loss in the thermal power plant 

boiler. Moisture absorbs the combustion heat in the high 

exergy released by the combustion, and evaporates which 

results in increasing fuel consumption, flue gas quantity, 

energy consumption, maintenance costs, and reduces 

plant efficiency. In addition, moisture reduces the 

brittleness of coal, reduces the quality of grinding, and 

makes separation, classification and blending difficult. If 

the moisture content of lignite is reduced, the lower 

heating value and the thermal performance of the power 

plant will increase, and the flue gas flow rate will 

decrease. Therefore, drying of lignite before the boiler 

feed is of great importance. 

Studies on pre-drying in thermal power plants are 

examined and a literature review is conducted. Rotary 

dryers, rotary tube dryers, pneumatic dryers, fluidized 
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bed dryers, vibratory dryers, mill-type dryers, shaft 

dryers, dryer with moving bed and superheated steam 

dryers are used for drying of coal [3]. Waste heat 

recovery systems using the driers mentioned in the 

literature have been designed. In the studies, boiler flue 

gas, waste steam from the turbine or condenser cooling 

water have been used as a heat source. One of these 

studies designed a system in which the boiler flue gas is 

used as a waste heat source. In this system, the efficiency 

of the plant increases by 0.6-0.9% when the raw coal 

receives 0.1 kg of moisture per kg. As a result of 

economic analysis, it is found that the plant with pre-

drying system is more economical than non-pre-drying 

plants [4]. In another study, waste steam at 55 ºC is used 

as a heat source. In the designed system, it is concluded 

that the efficiency of the thermal power plant can be 

increased from 37.6% to 38.9% by fluidized bed drying 

[5]. In another system where the absorption heat pump is 

used as a dryer, solar energy is used with the parabolic 

collectors to drive the pump. Thanks to the designed 

system, the consumption of raw coal of 4.6 kg/h in total 

energy has reduced and the exergy efficiency has  

increased by 1.2% and 1.8% [6]. In a different system 

designed using a fluidized bed dryer, steam and feed 

water are used as a waste heat source. In the system, 

where different dehumidification scenarios are designed, 

it is concluded that the plant efficiency will increase by 

1.33-2.09% [7]. In an alternative study using solar 

collectors, the hot water is used to heat the drying air in 

the fluidized bed. The energy and exergy efficiency of 

the power plant has increased by 0.5% and 1.6% 

respectively, and it can produce 29.6 MW more 

electricity [8]. A further study is designed with different 

systems using flue gas or steam, and results are 

compared. In the systems where the flue gas is used as a 

heat source, the thermal efficiency of the plant is 

increased most in the fluid bed dryer, and least in the 

rotary dryer [9]. When low pressure steam is used as a 

heat source in a lignite fired power plant with a vacuum 

dryer integrated, the net efficiency of the plant is 2.39%. 

When the heat pump is used, it is concluded that the net 

efficiency of the plant increased by 1.88% [10]. In an 

experimental study, a small-scale fluidized bed dryer set 

is established. Experimentally, the minimum fluidization 

velocity for coal is determined. As a result of the 

experiments, it is concluded that the temperature 

increases in the drying air entering the fluidized bed has 

increased the drying rate [11]. In a system using a rotary 

tube dryer, it is concluded that when the condensate is 

sent to the deaerator, the plant efficiency can be increased 

by 1.87%, and when it is sent to the condenser, the 

efficiency can be increased by 1.72% [12].  

When other studies are examined, unlike other flue gas 

drying systems, flue gas was not used as direct drying air. 

The reasons for that is specified as follows. If flue gas is 

directly used as drying air, the SO3 that is in the flue gas 

cause H2SO4 to be formed by reacting with water vapor 

in the flue gas and humid coal which results in corrosion. 

Besides, since the water vapor in the flue gas will slow 

down the evaporation rate of moisture content of coal 

during drying, it will increase residence time of coal in 

the fluidized bed. Also, using flue gas in the drying 

system would cause pressure drop, and regulating the 

flow rate and speed of flue gas could lead to similar issues 

as well. Therefore, even if there are heat losses, flue gas 

will be used by heating up with fresh air and then used as 

a heat source due to the foregoing reasons. Moreover, 

exit temperature of flue gas is 160 ºC. Flue gas exits from 

desulphurization plant at 70 ºC in the reference power 

plant. However, that temperature is not suitable for 

drying, so the flue gas is sent to the heat-exchanger which 

is planned to be manufactured from corrosion-resistant 

material. Eventually, flue gas exits the heat-exchanger at 

100 ºC and enters the desulphurization plant. Yet another 

difference of the designed system is instead of using one 

large capacity fluidized bed dryer, lower capacity parallel 

working dryers are designed. Thus, system efficiency is 

aimed to be increased by contacting drying air and moist 

coal more homogenously. 

In studies in the literature, theoretical results of the 

efficiency of the power plant were investigated and 

discussed based on the difference between the lower 

heating values of coal at two different moisture contents. 

Moreover, it is stated that one fluidized bed dryer was 

used in the theoretical analysis. In this study, the 

residence time and the mass transfer between the dry air 

coming from the heat exchanger and the high moisture 

coal were calculated in the fluidized bed dryer design. In 

the theoretical study, it was concluded that when a single 

large capacity fluidized bed dryer for lignite-fired 

thermal power plants was designed to provide continuity 

in boiler feed, the amount of the moisture absorbed from 

the coal was very low. In addition, if the capacity of the 

dryer system is large, the cost of system components 

increases and maintenance problems arise. Therefore, 

instead of a single large capacity dryer, a system 

consisting of small capacity dryers that works 

simultaneously to ensure the continuity of the boiler feed 

has been selected and designed. The system has been 

designed with a pre-drying degree of 0.14. It has been 

concluded that 10 small capacity dryers are needed to 

avoid interruption of boiler feed in mass transfer and 

residence time calculations. In the designed system, the 

system works with reducing the residence time for 

smaller pre-drying degrees. In this way, both the 

continuity of the boiler feed will be ensured and the 

power plant efficiency will be increased more. 

Furthermore, despite the increase in initial costs, 

maintenance costs will be reduced and the risk of failure 

of the pre-drying system will be eliminated with possible 

failures in the designed system. In other words, the 

system will be disabled during any maintenance or failure 

in the system consisting of a single dryer, while the 

system will be able to operate continuously even if 

maintenance and malfunctions occur in the designed 

system. 

Against this backdrop, a theoretical investigation has 

been performed. The aim of this investigation is to design 



 THEORETICAL ANALYSIS OF A LIGNITE-FIRED POWER PLANT WITH PRE-DRYING SYS… Politeknik Dergisi, 2021; 24 (1) : 205-217 

207 

a pre-drying system that uses flue gas waste heat for a 

thermal power plant firing medium to high moisture coal. 

In the study, the shell-tube heat exchanger will be 

designed by using the flue gas values of an existing 

thermal power plant and the air to be used in the fluidized 

bed drier will be heated with the help of this heat 

exchanger. By using this design of the fluidized bed 

dryer, the effects of coal with different initial humidity 

and contents on the power plant efficiency will be 

examined as a result of pre-drying and economic 

analyzes of the designed systems will be performed. 

 

2. SYSTEM DESCRIPTION 

Waste heat is used as the heat source for pre-drying in 

order to increase the plant efficiency. Flue gas, cooling 

water in condenser or waste steam in turbine outlet can 

be used as a heat source to achieve efficiency 

improvement of power plant. The temperature of the flue 

gas, which is approximately 50 ºC higher than the 

temperature of the cooling water in the condenser, is 

about 150-170 ºC. It is also easier to heat the drying air 

with flue gas in terms of system design. On the contrary, 

it is more difficult to design the system that works with 

waste steam due to the challenges of thermodynamic 

calculation. Therefore, the system using flue gas waste 

heat is designed.  

The schematic view of the system is shown in Fig. 1. In 

the systems designed for comparison with the thermal 

power plant taken as a reference, the design is made 

according to the same boiler feed flow rate of reference 

power plant. Therefore, a system consisting of dryers that 

are synchronized with each other is designed. In other 

words, there is a certain time between discharging coal 

from the 1st dryer and discharging the coal from the 2nd 

dryer to the conveyor belt. There is a certain time 

between each dryer. This will ensure continuity in boiler 

feed. In addition, it is assumed that the efficiency of the 

turbine and generator is not changed for comparison. 

However, as the losses in the flue gas decrease, the total 

loss of the boiler is slightly reduced. Therefore, there is 

an increase in the efficiency of the boiler. 

As shown in Fig. 1, the flue gases generated by 

combustion in the boiler enter the heat exchanger by 

means of the bypass system, and then the flue gases 

entering the heat exchanger heat the fresh air and return 

to the flue system with the help of the bypass system. At 

that moment, the fresh air heated in the heat exchanger 

goes to the dryers. The temperature of the air rises and 

the humidity of the air decreases in the heat exchanger. 

Temperature and flow rate of air, which is required for 

drying process, are arranged with the help of heat 

exchanger fans and flow regulating valves. 

Raw coal coming into the fluidized bed dryers is exposed 

to heated air. In the fluidized bed dryers, the powdered 

coal and the drying air are contacted for predetermined 

period. The purpose of the heat-exchanger in the 

designed system is to supply 100 ºC drying air.  Besides, 

pre-drying degree of coal can be regulated by changing 

residence time of coal in the dryer. The longer the 

residence time, the more moisture the drying air can 

absorb. In addition, using air in the drying process will 

provide thermodynamic convenience. While humid air is 

released into the atmosphere by passing through the 

electro filters, pre-drying coal is fed to the boiler.  

 

The boiler generates heat owing to coal burning. Using 

this heat, the feed water entering the boiler is heated to 

produce steam. The steam from the boiler enters the 

turbine to generate work. Generator produce electric 

power. Thanks to the designed system, the lower heating 

value of the pre-drying coal increases because the 

moisture content of the coal decreases. When compared 

to the reference power plant, the amount of heat 

generated by the combustion increases. As the amount of  

live steam and the enthalpy of the steam increase, the 

work produced in the turbine also increases. Therefore, 

the net amount of electricity power increase. 

 

Figure 1. Schematic view of pre-drying power plant using waste heat of flue gas 
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3. METHODOLOGY 

In the designed system, heat exchanger, dryer, and boiler 

units are examined. Hot air is required to dry the coal in 

the fluidized bed dryer. In order to heat the air, heat 

exchanger utilizes waste heat from the flue gas. In the 

first stage, the heat transfer in the designed heat 

exchanger is examined to determine the properties of the 

drying air. In the second stage, fluidized bed dryer is 

theoretically designed while heat and mass transfer 

mechanisms are examined. Then, the increase in the 

lower thermal value of the coal is examined and the 

efficiency increase in the boiler is calculated. In the 

fourth stage, the change in net electrical power output is 

examined. Finally, the economic analysis of the designed 

system is done.  

In order to compare the designed system, coals with 

different initial moisture and content are required. These 

coals are tested to obtain heating values according to 

standards. 

3.1.Analysis of Coal Samples 

Coal tests are conducted on two different samples, and 

type of coals are selected based on the most common coal 

reserves in Turkey. Supplied coals are conserved by 

preventing change in their moisture content before the 

experiments are performed. 

The coal samples are tested with the devices given in 

Table 1. The coals are dried in the drying oven at 70 °C 

for 48 hours before the test. First of all, the elemental 

analysis of the coals is made. The determination of sulfur 

is carried out at 1350 °C [13]. In the other element 

analyzer, carbon hydrogen and nitrogen quantities are 

determined at 900 °C [14]. Then, thermogravimetric 

analyzer obtains moisture content, volatile matter, ash 

and fixed carbon content of the coals [15]. Finally, the 

coal samples are tested in the calorimeter and the higher 

heating value is obtained on a dry basis [16,17]. 

After experimentally obtaining the higher heating value 

on the dry basis, the other heating values are calculated 

by the transition formulas between the bases using the 

elemental contents according to ISO 1928 and ASTM 

D5865 standards. The lower and higher heating value of 

the original basis are calculated using the moisture and 

elemental contents of the coal as follows: 

𝐿𝐻𝑉𝑑𝑟𝑦 = 𝐻𝐻𝑉𝑑𝑟𝑦 − 212𝑤𝐻 − 0.8(𝑤𝑂 + 𝑤𝑁) (J)        (1) 

𝐿𝐻𝑉𝑀𝑎𝑟
= 𝐿𝐻𝑉𝑑𝑟𝑦

100−𝑀𝐴𝑅

100
− 𝑄𝑚𝑎𝑟  (kCal)               (2) 

𝑄𝑚𝑎𝑟 =
0.01𝐻𝑣𝑎𝑝

𝑀𝐴𝑅
18.0154

4.1868
  (kCal)                              (3) 

𝐻𝐻𝑉𝑀𝑎𝑟
= 𝐻𝐻𝑉𝑑𝑟𝑦

100−𝑀𝐴𝑅

100
  (kCal)                (4) 

3.2. Analysis of Measurement Uncertainty 

Non-negative numerical parameters that define the 

distribution of the magnitude values attributed to the 

measurements based on the information obtained are 

called measurement uncertainty [18]. The accuracy of the 

measurement results is important in the experiments. 

Therefore, calibration and measurement uncertainties are 

important. The measurement devices used in the 

experiment have deviations from the correct 

measurement and measurement uncertainties. Therefore, 

uncertainties arising from the measurement accuracy of 

the devices should be calculated. The size to be measured 

in the system is R, and the n independent variables that 

affect this size are x1, x2, x3, ……, xn. In this case, the 

size to be measured can be written with the help of Eq. 5. 

The error rates of each independent variable 𝑈𝑥1
, 𝑈𝑥2

, 

𝑈𝑥3
, ….., 𝑈𝑥𝑛

 and if the error rate of Y is UY the 

uncertainty analysis equation is calculated as follow [19]:  

Y = Y ( x1, x2, x3, ……, xn )                                         (5) 

𝑈𝑌 = [(
𝜕𝑌

𝜕𝑥1
𝑈𝑥1

. 𝐷𝐶𝑥1
)

2

+ (
𝜕𝑌

𝜕𝑥2
𝑈𝑥2

. 𝐷𝐶𝑥2
)

2

+ ⋯ +

            (
𝜕𝑌

𝜕𝑥𝑛
𝑈𝑥𝑛

𝐷𝐶𝑥𝑛
)

2

]1/2                             (6) 

where UY is uncertainty (absolute value) of the 

measurand Y and UXi is uncertainty (absolute value) of 

the input quantity xi. Moreover, 𝐷𝐶𝑥 is distribution 

coefficient.  

In industrial applications, a higher level of reliability is 

needed. In those cases, expanded uncertainty is used to 

define uncertainty in the measurements. Expanded 

uncertainty of measurement is obtained by multiplying 

the standard uncertainty u(y) of the output estimate y by 

a coverage factor k [19]: 

𝑈 = 𝑘𝑈𝑌                  (7) 

The value of the scope factor is selected based on the 

targeted reliability level. Most commonly, the overall 

uncertainty by using the coverage factor k = 2 gives a 

level of confidence of approximately 95%. 

Table 1. Sensitivity and uncertainty of measuring/test devices 

Name of Measuring/Test Devices Mark and Model Sensitivity Uncertainty 

Digital Scale Sartorius BP110S ± 0.0001 g ± 0.0002 g 

Drying Oven Nüve  KD200 ± 0.1 °C ± 1.13 °C 

Elemental Analyzer  

(For determination of sulfur)  

Leco 628S ± 0.0001 g ± 0.0005 g 

Elemental Analyzer  

(For determination of hydrogen, oxygen and nitrogen) 

Leco CHN 628 ± 0.0001 g ± 0.052 g 

Thermogravimetric Analyzer Eltra Thermostep ± 0.0001 g ± 0.018 g 

Calorimeter IKA C5000 ± 1 J ± 0.002 J 
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In the thermal value analysis, the extended uncertainty of 

the model function is approximately 11 kCal. That is, the 

uncertainty of the function at the 95% confidence level is 

0.17%. 

3.3. Heat Exchanger  

Heat exchangers are devices that provide the transfer of 

thermal energy between two or more fluids at different 

temperatures [20]. The shell-tube heat exchanger is 

chosen to heat the fresh air at designed system. Shell-tube 

heat exchanger with a plurality of pipes arranged parallel 

to the body axis is designed. In order to improve the heat 

transfer and maintain the uniform spacing between the 

pipes, the baffles are fitted in the body. Combustion gases 

at 160 ºC and the fresh air at 20 ºC enters the heat 

exchanger.  As a result of the heat transfer, temperatures 

of the flue gas and air are 100 ºC, when they leave the 

heat exchanger.  

The heat transfer mechanism in the heat exchanger is 

continuous flow. In continuous flow systems, changes in 

kinetic and potential energy can be neglected, if there is 

no work. The energy balance is as follows:  

�̇� =  �̇� . 𝑐𝑝  . ∆𝑇                                                                        (8) 

If there is no heat generation in the system and thermal 

energy change of the system, the inlet energy is equal to 

the outlet energy. Because the temperature difference 

between hot and cold fluids varies throughout the heat 

exchanger, the log mean temperature difference method 

is calculated as follows [21]:  

�̇� =  𝑈 . 𝐴𝑠  . ∆𝑇𝑙𝑚                                                                      (9) 

1

𝑈
=  

1

ℎ𝑜
+

𝑟𝑜

𝑟𝑖

1

ℎ𝑖
+ 𝑅𝑓𝑡

𝑟𝑜

𝑟𝑖
+ 𝑅𝑓𝑡 + 𝑟𝑜

ln (
𝑟𝑜
𝑟𝑖

)

𝑘
              (10) 

𝐴𝑠 = 𝑁𝑡  . 𝜋 . 𝐷𝑜  . 𝐿                             (11) 

∆𝑇𝑙𝑚 =
∆𝑇1−∆𝑇2

ln (
∆𝑇1
∆𝑇2

)
                                                                              (12) 

where ∆𝑇1is the temperature difference between the inlet 

flue gas and the heated air. ∆𝑇2 is the temperature 

difference between the outlet flue gas and the fresh air.  

The flue gas passes through the inside of the tubes. Since 

the mass flow rate of the flue gas is very high, turbulent 

flow occurs. Therefore, the friction coefficient in the 

smooth pipes in the flow is obtained by Gnielinski 

correlation [22]. The internal convection coefficient 

depending on Reynolds number calculated as follows: 

𝑓 = (1.58 ln(𝑅𝑒) − 3.28)−2              (13) 

ℎ𝑖.𝐷𝑖

𝑘
   =

(
𝑓

2
)(𝑅𝑒−1000)𝑃𝑟

1+12.7(
𝑓

2
)

0.5
(𝑃𝑟

2
3−1)

                (14) 

The fresh air passes through the outside of the tube 

bundles. As shown in Fig. 2, baffles are used for the shell 

side. The use of baffles in shell-tube heat exchanger has 

two advantages when designing. The first of these 

advantages is that baffles support the tubes in terms of 

structural rigidity and prevent the vibration or sagging of 

the tubes. The other increases the heat transfer coefficient 

and directs the flow through the shell. The following 

correlations for the shell-side heat transfer coefficient are 

used [23]: 

ℎ𝑜 .  𝐷𝑒

𝑘
= 0.36 . (

𝐷𝑒 .  𝐺𝑠

𝜇
)0.55 . (

𝑐𝑝 .  𝜇

𝑘
)1/3 . (

𝜇𝑏

𝜇𝑤
)0.14           (15) 

where 𝐷𝑒  is the equivalent diameter, calculated according 

to the sequence of the tube bundles of the flow. It is 

calculated as follows for the square layout: 

𝐷𝑒 =
4(𝑃𝑇

2−
𝜋𝑑𝑜

2

4
)

𝜋𝑑𝑜
                (16) 

The bundle crossflow area, 𝐴𝑠, at the center of the shell 

is calculated as follows:  

𝐴𝑠 =
𝐷𝑠 .  𝐶 .  𝐵

𝑃𝑇
                (17) 

Then, the shell-side mass velocity is found with 

𝐺𝑠 =
�̇�

𝐴𝑠
                             (18) 

Waste heat in flues gas is used as the heat source. Heat 

exchanger is designed for pre-drying degree of 0.14. The 

heat exchanger takes the fresh air at the ambient 

temperature and heats it up to 100 ºC. Then it transmits 

the flue gas back to the bypass system.  

 

Table 2. Design values of the heat exchanger 

 

The design of the heat exchanger is made according to 

the pre-drying degree of 0.14 as the maximum drying size 

of the system. Flow rate and speed of the drying air can 

be regulated by using fans and valves. When more drying 

is desired at the same drying temperature, either coal 

must be kept in the bed for extended period of time or 

more air must be supplied for the same duration. 

Therefore, heat exchanger does not have to be changed in 

Feature Explanation 
Quantity / 

Dimension 

𝐃𝐬 Shell inside diameter 3.16 m 

L HEX Length 12.6 m 

𝐝𝐨 Tube outer diameter 60.33 mm 

𝐝𝐢 Tube inner diameter 49.25 mm 

𝐍𝐭 Total number of tubes 1000 

𝐍𝐩 Number of tube passes 1 

𝐍𝐁 Number of baffles 45 

B Baffle spacing 0.25 m 

𝐁𝐂 Baffle cutting ratio %25 

C Clearance between tubes 0.025 m 

CL Tube layout constant 1 

CTP 
Tube count calculation 

constant 
0.93 

𝐑𝐟𝐭 Total fouling 
0.000176 

m2K/W 

k 
Thermal conductivity of 

tube wall 
60 W/m.K 
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order to change the drying degree. The parameters that 

are used while designing the heat-exchanger and the 

design outcomes are listed below in Table 2. 

3.4. Fluidized Bed Dryer 

The heated air is transported to the dryers through ducts. 

In fluidized bed dryers, heat and mass transfers occur. A 

fluidized state is achieved when air with suitable velocity 

passes through the coal layer. The air flow velocity at 

which the packed bed is converted into a fluidized bed is 

known as the minimum fluidization velocity. The 

Archimedes number used to calculate the minimum 

fluidization velocity is calculated as follows [24]: 

𝐴𝑟 =  
𝜌𝑓 𝐷𝑝

3(𝜌𝑠−𝜌𝑓)𝑔

𝜇𝑓
2                        (19) 

The minimum fluidization velocity is calculated as 

follows [25]:  

𝑢𝑚 =  
𝜇𝑓

𝜌𝑓𝐷𝑝
[(42.812 + 0.061𝐴𝑟)0.5 − 42.81]             (20) 

In fluidized bed design, some features must be taken into 

account besides the minimum fluidization velocity. One 

of these features is porosity, defined by [3] 

𝜓 = 1 −
𝑉𝑚

𝑉𝑧
                   (21) 

where 𝑉𝑚 is volume of coal particle in the bed, 𝑉𝑧 is total 

volume of the bed. The porosity of a fluidized bed dryer 

can vary in a wide range since it depends on the air 

velocity. Furthermore, industrial fluidized bed dryers 

operate in the range of 0.55 to 0.75 porosity [3].  

The temperature of air decreases and the amount of 

moisture it carries increases. Heat transfer increases the 

temperature of the coal to be fed to the boiler. The heat 

transfer for turbulent flow in the dryer is calculated as 

follows [21]: 

𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟0.3                             (22) 

In the drying process, the mass transfer mechanism is 

realized by diffusion. The main mechanism of diffusion 

is molecular propagation as a result of the concentration 

gradient. In drying applications, the mass transferred is 

generally water vapor. The presence of the gradient 

between the dry air and the water vapor causes mass 

transfer. Due to irregular molecular motions, water vapor 

is emitted into the mixture of moist air in the direction 

where the concentration decreases. The diffusion 

coefficient required to calculate the mass transfer is 

calculated as follows [21]: 

𝐷 = 1.87𝑥10−10 𝑇2.072

𝑃
                  (23) 

When calculating the mass transfer, Sherwood number is 

used instead of the Nusselt number. Also, the Schmidt 

number is used instead of the Prandtl number. The 

Sherwood number and mass transfer coefficient are 

calculated as follows [21]: 

𝑆ℎ =
ℎ𝑚𝐷ℎ

𝐷
= 0.023𝑅𝑒0.8𝑆𝑐0.3              (24) 

The total mass transferred is calculated by the difference 

in concentration. It is assumed that air and water vapor 

behave as ideal gas. The total amount of moisture taken 

from coal is calculated as follows [21]: 

�̇�𝑑 =
ℎ𝑚𝐴𝑑

𝑅𝑣
(

𝑃𝑣,𝑠

𝑇𝑠
−

𝑃𝑣,∞

𝑇∞
)               (25) 

 
Figure 2. Coal pre-drying process 

 

Moisture content and the lower heating value of the coal 

entering the dryer change as shown in Fig. 2. The mean 

residence time of coal in the fluidized bed dryer is 

determined empirically and calculated by 

𝜏 =
𝜌𝑠𝐴𝑑𝐻(1−𝜓)(𝑀𝑎𝑟1−

(1−𝑀𝑎𝑟1)𝑀𝑎𝑟2
1−𝑀𝑎𝑟2

)

�̇�𝑑
              (26) 

After the coal enters the dryer, it is exposed to hot air. As 

a result, mass transfer results in reduced moisture content 

of the coal. The degree of pre-drying that represents  

the mass flow rate of removed moisture from raw coal is 

defined as: 

𝜇 =
𝑀𝑎𝑟1−𝑀𝑎𝑟2

𝑀
                (27) 

 

3.5. Boiler 

 
Figure 3. Boiler energy balance 

 

Boiler energy balance is shown in Fig. 3. Pre-drying coal 

and fresh air enters the combustion chamber. Because of 

the combustion, a part of the heat converts the boiler feed 

water into steam. Moreover, the remaining part of the 

heat is the heat loss. Boiler efficiency is calculated as 

follows with indirect method [26]:  

�̇�𝑖𝑛 = �̇�1 + �̇�2 + �̇�3 + �̇�4 + �̇�5 +  �̇�6 + �̇�7             (28) 

where �̇�𝑖𝑛 is the heat input of the boiler. �̇�1 is the heat 

output of the boiler. �̇�2 is the heat loss due to dry flue 

gas. While�̇�3 is the heat loss due to moisture in fuel, �̇�4 

is the heat loss due to water from combustion of hydrogen 
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in fuel. �̇�5 is the heat loss due to incomplete combustion. 

�̇�6 is the heat loss due to moisture in combustion air. �̇�7 

is the heat loss due to surface radiation, convection and 

other miscellaneous losses. 

Hence, the boiler efficiency can be expressed as: 

𝜂𝑏 = [1 − (�̇�2 + �̇�3 + �̇�4 + �̇�5 + �̇�6 + �̇�7)]𝑥100      (29) 

After pre-drying process, �̇�5, �̇�6, �̇�7 are nearly 

unchanged. Due to the mass ratio of dry flue gases, the 

lower heating value of coal and the mass ratio of the 

hydrogen in fuel will increase as moisture content of coal 

decreases, �̇�2 and �̇�4 will decrease slightly. Similarly, �̇�3 

decreases because the moisture content of the coal is 

reduced. Heat loss due to dry flue gas can be calculated 

as [27]: 

�̇�2 =
𝑚𝑓𝑔𝐶𝑝𝑓𝑔

(𝑇𝑔−𝑇𝑎)

𝐿𝐻𝑉
                 (30) 

In the designed system, it is proposed that the coal flow 

rate of the systems is chosen as constant parameter to 

make comparison. Therefore, the mass ratio of dry flue 

gases will increase as the mass weight of the moisture 

decreases. The lower heating value of coal will also 

increase. As a result, the heat loss due to dry flue gas will 

be reduced slightly. The heat loss due to moisture in fuel 

and water from combustion of hydrogen in fuel are 

calculated as follows [26]: 

�̇�3 =
𝑀𝑎𝑟[𝐶𝑝𝑤(100−𝑇𝑎)+𝐶𝑝𝑣(𝑇𝑔−100)+ℎ𝑓𝑔]

𝐿𝐻𝑉
             (31) 

 �̇�4 =
9𝑤𝐻[𝐶𝑝𝑤(100−𝑇𝑎)+𝐶𝑝𝑣(𝑇𝑔−100)+ℎ𝑓𝑔]

𝐿𝐻𝑉
             (32)  

The heat loss due to moisture in fuel will decrease as the 

moisture content of coal decreases. Moreover, the mass 

ratio of hydrogen and the lower heating value of coal will 

increase as the mass weight of the moisture decreases. In 

addition, the temperature of the flue gas decreases, so the 

heat loss due to water from combustion of hydrogen in 

fuel will slightly decrease.  

Consequently, the net improvement of the boiler 

efficiency can be obtained by: 

∆𝜂𝑏 = (�̇�2 − �̇�2
′) + (�̇�3 − �̇�3

′) + (�̇�4 − �̇�4
′)               (33) 

3.6. Steam Turbine and Generator 

The steam produced in the boiler is sent to the turbine. 

Turbine efficiency does not change because the pressure 

and temperature of the steam are the same. Therefore, the 

specific heat consumption rate of the steam cycle is 

unaltered. Nonetheless, the total energy input of the 

boiler will increase, so the steam flow rate will increase 

under the same coal feed rate. The steam mass flow rates 

with coal pre-drying and without coal pre-drying are 

calculated as: 

𝑀𝑆 =
𝑀.𝐿𝐻𝑉.𝜂𝑏

𝑑0
                (34) 

𝑀𝑆
′ =

𝑀.𝐿𝐻𝑉′.(𝜂𝑏+∆𝜂𝑏)

𝑑0
               (35) 

3.7. Self-Consumption of Power Plant 

In the designed system, there is no change in the energy 

consumption of the pulverizer since the boiler feed rate 

is the same. Two radial fans are used in the system. One 

of them is used in the by-pass system and the other is used 

to send the heated air to the dryer. Moreover, the electric 

consumption of the pump will increase since the steam 

mass flow rate increases. The power consumption of the 

fan is calculated as follows [28]:  

𝑃𝑓𝑎𝑛 =
𝑉.∆𝑃𝑡

1000.𝜂𝑓
                (36) 

The increase of the electric consumption of the pumps 

can be expressed as [4]: 

Δ𝑃𝑝𝑢𝑚𝑝𝑠 = (
𝑀𝑆

′

𝑀𝑆
− 1) . 𝛼. 𝑃0                    (37) 

Finally, the change of the self-consumption is calculated 

as: 

Δ𝑃0 = 𝑃𝑓𝑎𝑛1
+ 𝑃𝑓𝑎𝑛2

+ Δ𝑃𝑝𝑢𝑚𝑝𝑠 + 𝑃𝑑𝑟𝑦𝑒𝑟𝑠             (38) 

3.8. Net Change in Energy Output of Power Plant 

The energy efficiency of power plant without coal pre-

drying is calculated by energy equilibrium. The input 

energy of the power plant depends on the mass flow rate 

of the coal fed to the boiler and the lower heating value. 

Some of the input energy is converted to electrical 

energy. The energy output of power plant without coal 

pre-drying is calculated as follows: 

𝑃𝑒 = 𝑀. 𝐿𝐻𝑉. 𝜂𝑏 . 𝜂𝑖               (39) 

The efficiency of the pre-drying power plant will increase 

as the efficiency of the boiler and the lower heating value 

of coal will also increase. The energy output of pre-

drying power plant is obtained by: 

𝑃𝑒
′ = 𝑀. 𝐿𝐻𝑉′. (𝜂𝑏 + ∆𝜂𝑏). 𝜂𝑖              (40) 

Finally, net change in energy output and net efficiency of 

the power plant with coal pre-drying is obtained by: 

𝑃𝑛𝑒𝑡 = (𝑀. 𝐿𝐻𝑉. 𝜂𝑏 . 𝜂𝑖) − 𝑃0               (41) 

Δ𝑃𝑛𝑒𝑡 = {[ 𝑀. 𝐿𝐻𝑉′. (𝜂𝑏 + ∆𝜂𝑏). 𝜂𝑖] −

                 𝑀. 𝐿𝐻𝑉. 𝜂𝑏 . 𝜂𝑖} − Δ𝑃0              (42) 

𝜂𝑃𝑃 =
𝑃𝑛𝑒𝑡

𝑀.𝐿𝐻𝑉
                (43) 

3.9. Economic Analysis of the System 

The net present value method is used to make an 

economic analysis of the system. The difference between 

the present value of the cash benefit that will be provided 

during the life of the system and the present value of the 

expenses such as investment and maintenance of the 

system is called the net present value method.  By using 

this method, the combined interest rate is used to make 

the economic analysis of the system [29]. 

𝑖𝑒 = (1 + 𝑖) ∗ (1 + 𝑑) − 1                 (44) 

To carry out the analysis with the help of the calculated 

combined interest rate, the current value method is 

calculated by means of the benefits and costs Eq. 41 and 
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the difference between the total benefits and the total 

costs is calculated with the help of Eq. 42 [29].  

𝑁𝑃𝑉 = 𝐵𝑒𝑛𝑒𝑓𝑖𝑡 − 𝐶𝑜𝑠𝑡                (45) 

𝑁𝑃𝑉 = ∑
𝑅𝑖𝑛

(1+𝑖𝑒)𝑛 − ∑
𝑅𝑜𝑛

(1+𝑖𝑒)𝑛
𝑁
0

𝑁
0                 (46) 

In the designed system, income from additional annual 

electricity sales is considered as benefit. On the other 

hand, investment and annual maintenance costs of the 

system is considered as the cost.  The income from 

additional annual electricity sales is calculated as follows 

[4]: 

Δ𝐼𝑒 = 𝑃𝑛𝑒𝑡 . Δ𝜂𝑛𝑒𝑡 . 𝑁. 𝑤. 𝑝𝑒               (47) 

∑
𝑅𝑖𝑛

(1+𝑖𝑒)𝑛 = ∑
𝑅𝑜𝑛

(1+𝑖𝑒)𝑛
𝑁
0

𝑁
0                  (48) 

As seen in Eq. 48, where the benefit and cost are 

equalized, n represents the period of redemption. In the 

designed system, after the redemption period, the system 

will provide economic benefits within the lifetime of the 

system.  

 

4. RESULTS AND DISCUSSIONS 

The air heated by the flue gas is used for drying. Due to 

drying, the moisture of the coal is reduced, and the lower 

heating value is increased. As a result of the 

humidification process, the temperature of the air 

decreases and the relative humidity increases. Besides, 

the boiler losses will decrease, and the thermal efficiency 

of the power plant will increase. Thus, more electricity 

can be produced with the same coal feed rate.  

After coal 1 is fired, while flow rate of flue gas at 160 ºC 

is 493 kg/s, it decreases to 477 kg/s for a pre-drying 

degree of 0.14. The same situation is observed when coal 

2 is fired by a decrease of coal flow rate from 530 kg/s to 

511 kg/s with the identical pre-drying degree. All of the 

flue gas enters the desulphurization plant after entering 

the heat exchanger with the bypass system. 

In order to compare the operational performance of the 

power plant with coal pre-drying, two different coal 

samples with different moisture content and 

characteristics are used. By performing the experiments, 

heating values and contents of coal are obtained. The 

analysis of the coals is shown in Table 3. Coal 1 is used 

in the reference power plant. Performance parameters of 

the reference power plant used in theoretical analysis are 

given in Table 4. The reference values obtained from the 

operation of coal 2 in the reference power plant are given 

in Fig. 7c. 

Table 4. Reference power plant parameters 

Parameter Unit Value 

Coal mass flow rate kg/s 192.3 

LHV of Coal kCal/kg 988 

Total energy input  MW 795.5 

Total electrical output MW 338.8 

Self-consumption of the 

plant 

MW 15.1 

Net electrical output MW 323.8 

Net efficiency % 40.7 

In the designed system, the coal must be dried in the 

fluidized bed dryer for approximately 104 seconds, for a 

pre-drying degree of 0.14. Therefore, 10 dryers with 15 

meters height and 0.5 m edge square section are required 

to dry the coal as well as the same boiler feed flow rate 

of the power plant without pre-drying system. The dryers 

have small dimensions and working simultaneously with 

each other. In this way, dehumidification takes places 

under maximum operating conditions. Some of the dryers 

will be shut down by the system when the amount of 

moisture to be removed is reduced. As a result, drying 

process can be carried out without changing the boiler 

feed rate. 

 4.1. Change in Lower Heating Value of Coals 

Because of the dehumidification process in the designed 

system, the amount of change in the lower heating value, 

which is obtained using Eqs. 1, 2, 3 and 4, according to 

the changing moisture content is shown in Fig. 4. Since 

the coals has different initial moisture content, the 

comparison is made according to the degree of pre-

drying. Furthermore, as the lower heating values of the 

coals are different, the amount of change in the lower 

heating value is examined. As shown in Fig. 4, a linear 

increase in the lower heating value is observed as the 

degree of pre-drying increases. When the initial moisture 

content of Coal 1 is reduced from 50.46% to 42.34%, the 

lower heating value rises from 988 kCal / kg to 1245 kCal 

/ kg. Similarly, the initial moisture of Coal 2 is reduced 

from 38.4% to 28.37%, while the lower thermal value 

rises from 1756 kCal / kg to 2136 kCal / kg. 

Consequently, the higher the initial moisture content, the 

higher the increase in the lower heating value. 

 

4.2. Boiler Efficiency Improvement 

Reducing the moisture content of the coal and the flue 

gas temperature is an important factor that increases the 

efficiency of the boiler. Since the flue gas temperature of 

the boiler decreases, the losses due to the moisture 

Table 3. The analysis of the coals 

Type MAR 

(%) 

Ash (%) V 

(%) 

C 

(%) 

S 

(%) 

H 

(%) 

LHV 

(kCal/kg) 

(Received 

Basis) 

LHV 

(kCal/kg) 

(Dry 

Basis) 

HHV 

(kCal/kg) 

(Received 

Basis) 

HHV 

(kCal/kg) 

(Dry 

Basis) 

Coal 1 50.46 19.76 20.28 9.5 1.61 1.34 988 2587 1315 2655 

Coal 2 38.4 30.16 21.73 9.71 1.93 1.96 1765 3228 2050 3327 



 THEORETICAL ANALYSIS OF A LIGNITE-FIRED POWER PLANT WITH PRE-DRYING SYS… Politeknik Dergisi, 2021; 24 (1) : 205-217 

213 

content and hydrogen content will be reduced. This also 

affects the increase in the higher heating value. Similarly, 

as the moisture content of the coal decreases, the mass 

ratios of dry gases in the flue gas increase. Consequently, 

the losses due to dry flue gas, moisture and hydrogen 

content of coal decreases. Eqs. 29, 30, 31, 32 and 33 

present the efficiency improvement of the boiler. Fig. 5 

shows the increase in the efficiency of the boiler 

depending on the degree of pre-drying. As seen in Fig. 5, 

the drying of the coal with high moisture content 

increases the efficiency of the boiler more than the coal 

with lower moisture content. 

When coal 1 is examined, a linear increase in the 

efficiency of the boiler is observed. While the degree of 

pre-drying is 0.02, the efficiency increase in the boiler is 

4.92%. Moreover, when the pre-drying degree is 0.14, an 

increase of 10.74% is observed in the efficiency of the 

boiler. On the contrary, when coal 2 is examined, a lower 

efficiency increase is observed at the same pre-drying 

degree. While the degree of pre-drying is 0.02, the 

efficiency increases in the boiler according to drying coal 

2 is 4.37%. When coal 1 is used at the 0.02 degree of pre-

drying, the increase in boiler efficiency is 12% higher 

than the increase in coal 2. However, when the pre-drying 

degree is 0.14, the difference of increase in boiler 

efficiency between coal 1 and coal2 is 35%. As a result, 

as the initial moisture content of coal decreases, the 

increase in boiler efficiency decreases according to the 

pre-drying degree. As a consequence of the analysis, the 

efficiency of the boiler increases from 75% to 83-86%. 

4.3. Net Efficiency Change of Power Plant 

As a result of the analyzes, the lower thermal value of the 

coal feeding the boiler increases. Moreover, because of 

the designed system, the loss of the boiler decreases and 

its efficiency increases. Thus, the amount of steam 

produced increases. Although the consumption of self-

consumption of power plant and drying system increases, 

the amount of net electricity generated increases. The 

increase in the efficiency of the power plant is shown in 

Fig. 6. with the help of Eqs. 41, 42 and 43  

As seen in the Fig. 6, the net efficiency of power plant 

without pre-drying system is 40.70% when coal 1 is used 

and 41.25% when coal 2 is used. When the pre-drying 

degree is 0.14 in the pre-drying system, the net efficiency 

of the power plant is increased to 45.04% when coal 1 is 

used. In the same case, when coal 2 is used, net efficiency 

rises to 44.29%. While the same rate of moisture is taken 

in both coals, the efficiency increase is higher in the plant 

when coal 1 is used. This is due to the fact that the 

moisture content is higher, the rate of increase in the 

lower heating value is higher although the same amount 

of moisture is taken. The increase in boiler efficiency is 

also higher. Therefore, the net efficiency of the pre-dried 

power plant used in coal 1 is higher than coal 2, although 

it is higher than the net efficiency of the power plant 

without pre-drying system used in coal 2. 

 

 

4.4. Economic Analysis 

The net electricity production increase in the power plant 

is calculated by the help of the designed system and the 

theoretical analysis. With the help of Eq. 47, additional 

annual income is calculated. The redemption periods of 

the systems are calculated by the investment costs and the 

annual extra income with the help of Eq. 48. Price offers 

are received from the companies that are working on heat 

recovery projects, and the average of those values are 

used. The values and parameters used in economic 

analysis are given in Table 5. 

Table 5. Economic analysis parameters of power plant  

Parameter Unit Value 

Installed capital cost of 

dryers 

Million TL 19.8 

Installed capital cost of 

HEX 

Million TL 2.1 

Installed capital cost of 

fans 

Million TL 0.95 

Installed capital cost of 

ducts and auxiliary 

equipment 

Million TL 1.13 

Additional yearly 

operating and 

maintenance cost 

Million TL 0.5 

Annual operation hours Hour/year 3365 

Annual capacity factor % 80 

Grid feed-in tariff TL/kWh 0.26 

Interest rate % 15 

Inflation rate % 10 

System life Year 25 

The redemption periods calculated with the help of Eqs. 

47 and 48 are shown in Fig.8.  As a result of the economic 

analysis, when the pre-drying degree is 0.02 and 0.04, the 

designed system is not applicable. Therefore, the 

redemption periods of these values are not shown in Fig. 

7. As shown in the figure, the redemption period 

decreases as the degree of pre-drying increases. Besides, 

the more the initial humidity of coal, the shorter the 

depreciation period when the redemption periods of coals 

with different moisture content are compared. In the 

years after the calculated redemption period, the designed 

systems will provide extra income during their lifetime. 

Components of the system on which the economic 

analysis is conducted is chosen for a pre-drying degree of 

0.14. Pre-drying degree can be increased or decreased by 

arranging the flow rate and speed of the drying air. Since 

the system can be arranged with only domestic 

equipment, no need to change the main components. 

Therefore, the economic analysis is conducted based on 

system component costs. 
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Figure 4. Change in LHV of coals according to the degree of pre-drying 
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Figure 6. Net efficiency change of power plant according to the degree of pre-drying 
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5. CONCLUSIONS 

The coals to be used in the theoretical analysis were 

tested according to the related experiment standards, and 

experiment results were used in the analysis. In the 

designed system, waste heat in the flue gas was used. The 

flue gas entering the heat exchanger was used to heat the 

fresh air to be used in the dryer. Then the raw coal coming 

into the fluid bed dryer system, which operates in 

parallel, was fed to the boiler after being subjected to pre-

drying process. The theoretical analysis was performed, 

and thermal performance of the power plant were 

formulized and graphically presented according to pre-

drying degree.  

In order to achieve higher pre-drying degree at the same 

feed rate, a system with ten fluidized bed dryers operating 

in parallel was designed. In other studies related coal pre-

drying by waste heat of flue-gas, when the pre-drying 

degree was 0.10, an increase of the net efficiency of the 

plant is 0.9% [4]. In the designed system, when the coal 

with approximately the same moisture content was used, 

the pre-drying degree was 0.10 and the increase in the net 

efficiency of power plant was 3.02%. In a system where 

a fluidized bed dryer was used, an increase of 1.3% was 

observed in the net efficiency of the plant [5], while an 

increase of 4.34% in the efficiency can be improved 

thanks to the parallel working dryers in this study. In 

another study using fluidized bed driers, where waste 

steam was used as waste heat, an increase of 2.09% in net 

efficiency of power plant was observed [7].  

The followings conclusions can be drawn: 

 The moisture content of coal adversely affects the 

efficiency of coal-fired power plant. When more 

moisture is removed, a further increase in the lower 

heating value is observed. Accordingly, an increase 

of 3.04-4.34% will be observed in the power plant 

efficiency. 

 As a result of pre-drying and decreasing the flue-gas 

outlet temperature, improvement in the boiler 

efficiency is observed. The higher initial moisture 

content in the pre-drying process, the greater the 

increase in boiler efficiency. In the pre-drying 

degree of 0.14, the increase in boiler efficiency when 

coal 1 is used is 2.82%, which is higher than coal 2.  

 The energy efficiency increase with coal pre-drying 

is greater for coal-fired power plants with a higher 

initial moisture content. 

 As the number of fluidized bed dryer with lower 

capacity is increased, the removed moisture is higher 

than the single-dryer systems with large capacity. 

 As a result of the economic evaluation, the coal pre-

dried power plant has far more economic 

performance than power plant without pre-drying. In 

addition, when the degree of pre-drying is increased, 

the economic efficiency of the system also increases. 

 Pre-drying ensures the reduction of flue gas flow, the 

amount of water vapor in the system and the flue gas, 

thus preventing system failures and reducing system 

maintenance costs. 

 When foreign source dependence in energy and unit 

energy costs are considered, it is important to put the 

designed system into practice. 

 The study conducted can be considered as a guide 

for the similar studies regarding the utilization of 

waste heat. 

 
NOMENCLATURE 

Abbreviations     

LHV lower heating value (kCal/kg) 

HHV higher heating value (kCal/kg) 

NPV net present value  

Symbols 

α percentage of power consumption pf pumps  

(%) 

𝐴𝑑 diffusion area (m2) 

𝐴𝑜 heat transfer area based on the outside surface 

area of tubes (m2) 

𝐴𝑠 crossflow area at or near shell centerline (m2) 

Ar archimedes number 
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Figure 7. Period of redemption according to the degree of pre-drying 
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c annual capacity factor of power plant 

𝑐𝑝 specific heat at constant pressure (J/kg.K) 

d inflation rate (%) 

𝑑0 specific heat consumption rate of steam cycle 

(kJ / kg-setam) 

D diffusion coefficient (m2/s) 

𝐷𝑝 diameter of coal particles (m) 

𝐷𝑒  equivalent diameter (m) 

𝐷ℎ hydraulic diameter (m) 

DC distribution coefficient 

f friction coefficient 

g acceleration of gravity (m/s2) 

𝐺𝑠 shell side mass velocity (kg/m2s) 

h heat transfer coefficient (W/m2K) 

ℎ𝑓𝑔 latent heat of evaporation of water (kJ/kg) 

ℎ𝑚 mass transfer coefficient (m/s) 

H height of fluidized bed (m) 

𝐻𝑣𝑎𝑝 constant pressure heat of vaporization of water 

at 25 ºC (kCal) 

i interest rate (%) 

𝑖𝑒 combined interest rate (%) 

k coverage factor 

�̇� mass flow rate (kg/s) 

𝑚𝑓𝑔 mass of dry flue gas per kg of coal as-fired (kg 

flue gas / kg coal) 

M mass of coal in fluidized bed dryer (kg) 

𝑀𝑎𝑟  as-received moisture value (kg) 

𝑀𝑠 steam mass flow rate (kg/s) 

n redemption period (year) 

N project life (year) 

𝑁𝑃𝑃 annual operation hours of power plant 

(hour/year) 

Nu nusselt number 

𝑝𝑒 grid feed-in tariff (TL/kWh) 

P power (W) 

𝑃𝑒 energy output of power plant 

𝑃𝑛𝑒𝑡  net energy output of power plant 

𝑃0 self-consumption of power plant (W) 

𝑃𝑡 pressure drop (Pa) 

𝑃𝑇  pitch size (m) 

𝑃𝑣 pressure of vapor (kPa) 

Pr prandtl number 

𝑄𝑚𝑎𝑟  heat of vaporization of water that originates 

from as-received moisture value (kCal) 

�̇�𝑖𝑛 heat input of the boiler (W) 

�̇�1 heat output of the boiler (W) 

�̇�2 heat loss due to dry flue gas (W) 

�̇�3 heat loss due to moisture in fuel (W) 

�̇�4 heat loss due to water from combustion of 

hydrogen in fuel (W) 

�̇�5 heat loss due to incomplete combustion (W) 

�̇�6 heat loss due to moisture in combustion air (W) 

�̇�7 heat loss due to surface radiation, convection 

and other miscellaneous losses (W) 

𝑅𝑖 benefit (TL) 

𝑅𝑜 cost (TL) 

𝑅𝑣 gas constant of vapor (kPa.m3/kg.K) 

Re reynolds number 

Sh sherwood number 

Sc schmidt number 

T temperature (K) 

𝑢𝑚 minimum fluidization velocity (m/s) 

𝑈𝑒𝑢 expanded uncertainty 

𝑈𝑓 heat transfer coefficient for fouled surface 

(W/m2K) 

𝑈𝑥 error rates of each independent variable x 

𝑈𝑌 uncertainty analysis equation 

V volumetric flow rate of fan (m3/s) 

𝑉𝑚 volume of coal particle in the bed (m3) 

𝑉𝑧 total volume of the bed (m3) 

w mass % of the content (%) 

x input quantities used for uncertainty of 

measurement 

Y output quantity depends on input quantities 

µ degree of pre-drying (kg moisture / kg coal) 

𝜇𝑏 shell side dynamic viscosity at average 

temperature (kg/m.s) 

𝜇𝑓 dynamic viscosity of drying air (kg/m.s) 

𝜇𝑤 dynamic viscosity at wall temperature (kg/m.s) 

𝜌𝑓 density of air (kg/m3) 

𝜌𝑠 density of coal (kg/m3) 

𝜓 porosity of fluidized bed dryer 

𝜂𝑏 boiler efficiency (%) 

𝜂𝑓 fan efficiency (%) 

𝜂𝑃𝑃 net energy efficiency of power plant (%) 

𝜏 mean residence time (s) 

∆𝑇𝑙𝑚 log mean temperature difference (K) 

Δ𝐼𝑒 electricity sales income increase (TL) 

Δ𝜂𝑛𝑒𝑡 change in net efficiency of power plant 

 

Subcripts 

a ambient 

dry dry basis 

fg flue gas 

g product combustion 

H hydrogen 

i inner 

N nitrogen 

o outer 

O oxygen 

s liquid-gas interface 

w water 

v vapor 

∞ away from surface 
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