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A theoretical investigation of the principles of energy efficiency improvement in coal-fired power plants
by removing a portion of the coal moisture content was performed. The relationship between the degree
of pre-drying and coal’s energy flow rate, boiler efficiency and power auxiliary rate were comprehen-
sively formulized and graphically presented. The performance of the coal pre-drying power plants using
coals with different initial moisture content was also discussed. The results showed that, coal’s energy
flow rate would increase by 0.6–1.5% as 0.1 kg moisture was removed per kg raw coal. The boiler effi-
ciency would increase by 0.4–0.5% and the power auxiliary rate would slightly decrease by �0.2%.
Eventually, the net efficiency of the power plant could increase in the range of 0.6–0.9%. Economic eval-
uation showed that the power plant performed more economically compared with the plant without coal
pre-drying. This work provides a broadly applicable approach to formulaically revealing the principles of
energy efficiency improvement in power plants by coal pre-drying.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction pre-drying prior to furnace to increase the energy efficiency of
Coal has long been the major fossil fuel used to produce elec-
tricity [1] and is expected to continue to play a key role in the
future power generation [2]. Therefore, it is significant to effi-
ciently utilize coal’s energy in coal-fired power plants [3].

The impact of coal compositions on power plant availability and
its operating efficiency is uncontested. Amongst the coal composi-
tions, moisture is one of the key factors influencing the heat loss of
the boiler [4] and corresponding net efficiency of the overall power
plant [5]. Specifically, as coal burns in furnace, moisture within the
coal will absorb the combustion heat with high exergy to evapo-
rate itself and finally discharges from stack in the form of steam
as the waste, leading to an important heat demand during coal
combustion and a large amount of exhaust heat [6]. Accordingly,
properly reducing the moisture in coal is an option to upgrade
thermal performance of the coal-fired power generation.

Moisture content of thermal coal normally ranges from 8 to
25 wt% [7], as for lignite, the moisture content could reach as high
as 66 wt% in some of the Victorian coals [8]. The moisture content
will be even higher when the coal particles are exposed to humid
atmosphere or during washing. Therefore, moisture content of
the most thermal coals is generally not low, and thus it is techni-
cally feasible to remove part of the moisture content by coal
coal-fired power plants.
Currently, coal pre-drying process has been broadly applied in

lignite applications for power generation, due to the insufficient
pulverizing throughput and the huge investment expenditure of
the boilers [9]. At the same time, the effects of lignite pre-drying
for power plant efficiency improvement has also been investigated
and demonstrated amongst the research and development and
industry communities. The concept of the steam fluidized bed dry-
ing concept with internal waste heat utilization (German abbrevi-
ation WTA-Drying), has been successfully demonstrated in a
1000 MW lignite fired pilot plant in Niederaussem, Germany with
the energy efficiency improvement of 4% [10]. The comparisons of
power plants using different drying technologies, e.g., combustion
gases drying and superheated steam drying, have also been com-
prehensively performed. Kakaras et al. [11] performed a computer
simulation on plant thermal efficiency with steam-heated lignite
dryers. The results showed that the improvement in overall plant
efficiency varied between 2% and 5%, depending on the water con-
tent of the raw coal and on the degree of pre-drying. Liu et al. [12]
compared the thermodynamic performance of coal pre-drying
using hot flue gas and steam. The results showed that the power
plant using steam as the drying heat source featured higher effi-
ciency than the power plant using hot flue gas.

Obviously, to gain higher efficiency enhancement in power
plants by coal pre-drying, it is beneficial to utilize low-grade heat
to dry the coal. Accordingly, using waste heat from the power plant
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Nomenclature

Abbreviations
LHV lower heating value
HHV higher heating value
ICC installed capital costs
O&M the ratio of annual operating and management
CRF capital recovery factor

Symbols
HH enthalpies of the coal based on the HHV
HL enthalpies of the coal based on the LHV
DMw mass flow rate of the removed moisture
l degree of pre-drying
mH mass % of the hydrogen content
mw mass % of the moisture content
H0

H overall enthalpies of the coal based on the HHV0

Qin heat input rate of the boiler
Q1 heat output rate of the boiler
Q2 heat loss of the flue gas sensible heat
Q3 heat loss of unburned gaseous combustibles
Q4 heat loss of unburned solid combustibles
Q5 heat loss of external radiation
Q6 other miscellaneous heat losses
gb boiler efficiency

I0g;tg theoretical enthalpy of flue gas

I0a;ta theoretical enthalpy of air

V0 theoretical volume of air
cta specific enthalpy of per cubic meter of air at tempera-

ture t

Vx volume of the x composition in flue gas
(ctg)x specific enthalpy of the x composition in flue gas
tg temperature of the exhaust flue gas
gi efficiency of the steam turbine generator unit
d0 specific heat consumption rate of the steam cycle
a1 % of the pulverizer power consumption in total power

auxiliary
a2 % of the draft fans power consumption in total power

auxiliary
a3 % of the pumps power consumption in total power aux-

iliary
P power electric output
n power auxiliary rate
Dpr flue gas pressure enhanced in the fan
gf efficiency of the fan
_Df volumetric flow rate
b energy enhancement coefficient
N operation hours per year
w average capacity factor
k discounted rate
s life span of equipment
pe grid feed-in tariff
DI additional income
f scaling factor
S scale parameter

Subscripts
g flue gas
a air
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seems to be the best choice. One kind of lignite pre-drying using
waste heat from cooling water has been successfully demonstrated
in the 550 MW Coal Creek Power Plant, North Dakata with a unit
performance improvement of 2.6–2.8% by removing the moisture
content from 37.5 to 31.4 wt% [13]. Łukowicz et al. [14] compared
the utilization of flue gas waste heat obtained from coal-fired units
in Organic Rankine Cycles and for lignite drying, and concluded
that the plant efficiency improvement was larger by using coal
pre-drying. More recently, Xu et al. [15] proposed an improved sys-
tem using waste heat from the air-condensers to dry the lignite in
air-cooled units. The efficiency could be improved by 1.3% by
reducing moisture from 39.5 to 31.5 wt%. It may be also noted that,
the thermal benefits brought from the coal pre-drying could be
comprehensively reflected through using waste heat as the drying
heat source. This is because that there is no energy expenditure for
coal pre-drying from the perspective of the overall power genera-
tion system.

Researchers have already performed some investigations
related to the energy efficiency improvement by coal pre-drying
and also established some models to compare the performance of
the different drying approaches. However, the influence of the coal
pre-drying on the boiler energy input, boiler efficiency and power
plant auxiliary rate has not been comprehensively revealed. More-
over, most of the previous studies related to the coal pre-drying
focused on the lignite. The performance of coal pre-drying applied
into power plants firing other coal types with medium to high
moisture content has not been received enough attention.

Against this backdrop, a theoretical investigation aiming at fully
revealing the principles of energy efficiency improvement in coal
pre-drying power plants firing medium to high moisture coal,
including but not limited to lignite, has been performed, to achieve
the following objects: (1) to establish the models to illustrate the
relationshipbetween the coal’smoisture content and its energyflow
rate, boiler efficiency andpower plant auxiliary rate according to the
fundamental thermodynamic principles; (2) to graphically present
the performance of the plant’s main units and the overall power
plant as a function of the drying degree; and (3) to compare the per-
formance of the coal pre-drying when applied into power plants fir-
ing different coal types with different initial moisture content.
2. Conceptualization

To achieve the net energy efficiency improvement by coal pre-
drying, waste heat from the power plant is used as drying heat
source in this study. It is well known that, in addition to the heat
discharged in the condenser, the second large amount of power
plant waste heat comes from the exhaust flue gas, accounting for
3–8% of the plant total energy input [14–16]. Besides, the temper-
ature of exhaust flue gas normally ranges from 120 to 140 �C, much
higher than that (approximately 30–50 �C) of the cooling water in
condenser. The coal pre-drying with higher temperature normally
features greater drying rate. Hence, it is thermodynamically feasi-
ble to utilize flue gas waste heat to dry coals [12]. In this study,
using flue gas waste heat to dry the coal is taken as an example
to investigate the net thermodynamic benefit brought from the
coal pre-drying. For other coal pre-drying patterns, it is feasible
to obtain the practical energy efficiency improvement by deduct-
ing the energy expenditure in specific coal pre-drying configura-
tion from the net energy efficiency improvement. Take coal
pre-drying using steam bleeds from turbines as an example, the
efficiency improvement of the plant could be easily obtained by
considering the influence of the steam bleeding for dryers on the
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Fig. 1. A schematic of the coal pre-drying power plant using flue gas waste heat.
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overall work output of the turbines on the basis of the highest
energy efficiency improvement potential.

The schematic of the coal pre-drying power plant using flue gas
waste heat is illustrated in Fig. 1. The system consists of three main
units, i.e., coal pre-drying unit, boiler unit and steam turbine gen-
erator unit. In coal pre-drying unit, the boiler exhaust flue gas is
put into dryers to heat and dry the raw coal. The exhaust gas of
the dryer at low temperature discharges into the flue gas desulfu-
rization system. After pre-drying, coal with lower moisture content
is sent to the boiler unit, which is firstly pulverized and then burns
in the boiler furnace to heat the feed water to generate steam. The
live steam from the boiler enters the steam turbine to generate
shaft work and then generates electric power in generator.

Through incorporating the proposed coal pre-drying concept,
the low-grade flue gas waste heat is beneficially recovered and
effectively used to reduce the moisture content of the coal. As a
result, part of the heat generated from the coal combustion, which
is originally used to evaporate the moisture in the furnace, could be
saved, leading to an increased available energy in the furnace and
consequently higher power plant’s energy efficiency.

It may be also noted that, except for lignite, the more widely
and energetically used thermal coals are subbituminous and bitu-
minous coals. The moisture of these coals is normally ranging from
8 to 25 wt% and is even higher during coal washing. Therefore, it is
also potential to promote the efficiency of power plants using these
coals by reducing their moisture content. In this study, the perfor-
mance of the power plants firing moderate to high moisture coals
incorporating coal pre-drying process is also considered.
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Fig. 2. Mass and energy variations in the process of coal pre-drying.
3. Methodology

In general, coal pre-drying process will induce series of impacts
on the performance of main units in power plants. To be specific,
(1) after coal pre-drying, the moisture content of the coal reduces,
leading to an increase in the available chemical energy and a cor-
responding larger coal’s lower heating value (LHV); (2) the energy
losses of the boiler will decrease, leading to an increase in the boi-
ler efficiency; (3) the auxiliary power rate of the power plant using
dried coal will also slightly change compared to the plants firing
raw coal; and (4) the efficiency of the steam cycle in coal pre-
drying power plant would not change as a result of the constant
steam temperature and pressure. However, the available heat
input of the boiler and the corresponding live steam flow rate will
increase in coal pre-drying power plant under the constant raw
coal consumption rate. Therefore, the electric power output will
increase.

To sum up, there exists some significant correlations between
the reduced moisture content and boiler energy input rate, boiler
efficiency and power auxiliary rate, respectively. In this section, a
theoretical investigation was performed to determine these rela-
tionships and to reveal the impacts of the coal pre-drying process
on the thermal performance of coal-fired power plants.
3.1. Coal pre-drying unit

Theoretical models of the coal pre-drying unit are established in
this section to determine the variations of the coal’s mass and
energy in the process of the coal pre-drying. The mass and energy
variations are schematically shown in Fig. 2, where M is the mass
flow rate of the raw lignite, HHV the higher heating value, LHV
the lower heating value, and HH and HL represent the overall
enthalpies of the coal based on the HHV and LHV, respectively.
The signs with and without the quotation mark correspond to
dried coal and raw coal, respectively. DMw is the mass flow rate
of the removed moisture from M kg/s raw coal. Here, we define l
to represent the degree of pre-drying as:

l ¼ DMw=M ð1Þ
As for coal’s LHV, it could be calculated by deducting the heat of

vapor condensation from the coal’s HHV. The vapor produced by
the coal originates from the evaporation of the coal moisture and
the combustion of hydrogen element in the coal. Therefore, LHV
is defined as [5,17]:

LHV ¼ HHV� 2:5 � ð9mH þmwÞ ðMJ=kgÞ ð2Þ

wheremH andmw are the mass % of the hydrogen andmoisture con-
tent on as-received basis, respectively. 2.5 MJ/kg is the average con-
densation heat of the water vapor with the condensation
temperature in the range of 40–110 �C, which could almost cover
the temperature range of the water evaporation in the process of
the low-temperature coal pre-drying.
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The overall energy of the feeding coals is also calculated on the
HHV and LHV bases, respectively:

HH ¼ M � HHV ðMWÞ ð3Þ

HL ¼ M � LHV ðMWÞ ð4Þ
After coal pre-drying, the amount of the combustible chemical

component is unchanged, and thus H0
H equals to HH, while the mass

of the dried coal is reduced to ð1� lÞM. As a result, the HHV0 and
the LHV0 of the dried coal is calculated as:

HHV0 ¼ H0
H

ð1� lÞM ¼ HHV
ð1� lÞ ðMJ=kgÞ ð5Þ

LHV0 ¼ HHV0 � 2500� ð9m0
H þm0

wÞ ¼
HHV
1� l

� 2500

� 9mH

1� l
þ ðmw � lÞ

1� l

� �
¼ LHVþ 2:5l

1� l
ðMJ=kgÞ ð6Þ

It may be noted that, coal normally contains sulfur element and
thus the flue gas generated from coal burning include sulfur oxides.
It is not practicable to cool sulfur bearing flue gas to below its dew
point in the boiler to avoid acid erosion in low-temperature heat-
ing surface. Therefore, the heat of condensation is not a recoverable
part of the coal’s energy in practical engineering. In this study, the
thermodynamic criteria on LHV basis are employed to practi-
cally reflect the energy utilization effectiveness for coal-fired
power generation.

Hence, according to Eqs. (4) and (6), the total available energy of
the power plant using coal pre-drying is calculated as follows:

H0
L ¼ M0 � LHV0 ¼ ð1� lÞM � LHVþ 2:5 � l

ð1� lÞ ¼ M � ðLHVþ 2:5lÞ

¼ HL þ 2:5lMðMWÞ ð7Þ
Although the mass flow rate of the coal input of the boiler

decreases by lM (kg/s), the magnitude of total energy input of
the boiler increases by 2.5 lM (MW).

The energy enhancement coefficient, which is related to the
degree of pre-drying, is defined here to reveal the magnitude of
the energy flow enhancement by removing l kg moisture per kg
raw coal:

b ¼ H0
L

HL
¼ M � LHVþ 2:5lM

M � LHV
¼ LHVþ 2:5l

LHV
ð8Þ
Raw Coal

H (MW)M (kg/s)

Dried Coal

(1-μ)M μM

ΔH

ΔLLHV

Fig. 3. Relationship between the m
During coal pre-drying process, the sensible heat of the dried
coal would increase. While, the heat loss would also occur in the
processes of coal drying, transportation and storage. These two fac-
tors would offset each other to some extent and thus the net
impacts of these two factors on boiler’s energy flow rate are slight.
Therefore, the influence of coal’s sensible heat fluctuation and heat
loss on boiler’s energy flow are not of any concern and reasonably
neglected. Only the increased coal’s chemical energy (heating
value) is considered.

Therefore, the total energy input of the boiler firing dried coal
could be calculated by b �M � LHV and the corresponding boiler’s
energy input increase could be easily achieved by ðb� 1ÞM � LHV.

The variations of the coal mass flow, overall enthalpy (LHV
basis), and LHV of the dried coal by coal pre-drying are presented
in Fig. 3. It can be seen that, as the coal moisture content decreases
by l kg per kg raw coal, LHV of the dried coal correspondingly
increases to ðLHVþ2:5�lÞ

ð1�lÞ . This is fundamentally caused by two aspects:

(1) a portion of the coal’s chemical energy, which is originally uti-
lized to evaporate the moisture content of coal, could be saved by
incorporating coal pre-drying, leading to an increase in the avail-
able energy input of the boiler; and (2) the mass of the dried coal
for LHV calculation is reduced by l kg per kg raw coal. As a result,
the LHV of the dried coal is increased.

3.2. Boiler unit

The heat balance of the boiler unit is schematically shown in
Fig. 4 with the equation expressed as [7,17]:
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Fig. 4. Energy equilibrium in boiler unit.
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Q in ¼ Q1 þ Q2 þ Q3 þ Q4 þ Q5 þ Q6 ð9Þ
where Qin is the heat input of the boiler, Q1 the heat output of the
boiler; Q2, Q3, Q4, Q5, and Q6 the heat losses of the flue gas sensible
heat, unburned gaseous combustibles, unburned solid com-
bustibles, external radiation and other miscellaneous losses,
respectively.

If the miscellaneous aforementioned heats are expressed as per-
centages of boiler input heat (Qin), Eq. (9) can be rewritten as
follows:

100 ¼ q1 þ q2 þ q3 þ q4 þ q5 þ q6 ð10Þ
where qx ¼ Qx

Q in
� 100.

Hence, the boiler efficiency gb can be expressed as:

gb ¼ 100� ðq2 þ q3 þ q4 þ q5 þ q6Þ ð11Þ
Noted that after coal pre-drying, q5 and q6 are nearly

unchanged. As for q3 and q4, they will slightly decrease theoreti-
cally due to the improved adiabatic combustion condition. To be
specific, due to the less moisture in the furnace, the adiabatic com-
bustion temperature of the coal increases, leading to a higher flame
temperature in the furnace and corresponding reduced unburned
gaseous and solid combustibles losses. However, the moisture con-
tent is not the key factor impacting q3 and q4, and the variation is
so slight compared with original values and is also difficult to
quantified [5,10]. Therefore, the variation of the flue gas sensible
heat loss (q2) of the boiler after coal pre-drying process is the main
concern in this study and other factors variations are reasonable
neglected.

The flue gas sensible heat loss can be determined as follows
[5,18]:

q2 ¼
I0g;tg � I0a;ta
� �

ð100� q4Þ
LHV

ð12Þ

I0a;ta ¼ V0ðctaÞair ð13Þ

I0g;tg ¼ VCO2 ðctgÞCO2
þ VN2 ðctgÞN2

þ VH2OðctgÞH2O
ð14Þ

where I0g;tg and I0a;ta are the theoretical enthalpy of flue gas and air,

respectively, V0 the theoretical volume of air (m3/kg-coal), cta the
enthalpy (kJ/m3) per cubic meter of air at temperature t, Vx the vol-
ume of the x composition in flue gas and (ctg)x is the specific
enthalpy (kJ/m3) of the x composition in flue gas at temperature tg.

After coal pre-drying, the theoretical enthalpies of flue gas and
air per kg dried coal are changed due to the variation of the ratio of
coal components. To be specific, as l kg moisture is dropped off per
kg raw coal, the mass of the dried coal is reduced to (1� l) kg and
the vapor in the flue gas will decrease by 22:4

18 lm3. Accordingly, on
the basis of the 1 kg dried coal, the volume of the x composition is
changed to Vx

1�l m
3 and the generated evaporation is decreased by

22:4
18

l
1�l m

3.

Consequently, the theoretical enthalpies of flue gas and air per
kg dried coal are obtained as:

I00g;t0g ¼
VCO2 ðct0gÞCO2

1� l
þ
VN2 ðct0gÞN2

1� l
þ
VH2Oðct0gÞH2O

1� l
� 22:4

18
l

1� l
ðct0gÞH2O

ð15Þ

I00a;t0a ¼
V0

1� l
ðct0aÞair ð16Þ

where 22.4 (m3/kmol) is the approximate value of molar volume of
any ideal gas (e.g. boiler flue gas) at the standard temperature and
pressure and 18 g/mol is molar mass of the H2O. In addition, the
temperature of the inlet air ta in coal pre-drying power plant is
the same with that of power plant without coal pre-drying, i.e., ta
equals to ta0.

As a result, the flue gas heat loss factor in boiler firing dried coal
can be determined by substituting Eqs. (15) and (16) into Eq. (12):

q0
2 ¼

I00g;t0g � I00a;ta
� �

ð100�q4Þ
LHV0 ¼

I0g;t0g �11:1lðct0gÞH2O
� I0a;ta

h i
ð100�q4Þ

ðLHVþ2:5lÞ
ð17Þ

It can be seen from Eq. (17) that, even if the exhaust tempera-
ture of flue gas keeps unchanged (tg = tg0), the flue gas heat loss fac-
tor will still decrease, due to the reduced moisture content of the
flue gas and the increased LHV of the dried coal. In fact, the reduced
flue gas mass flow rate with less flue gas enthalpy could normally
lead to a decreased the exhaust flue gas temperature [12]. As a
result, the flue gas heat loss factor will be further reduced in the
boiler firing dried coal. Normally, each 0.1 kg moisture removed
per kg raw coal will correspondingly drop the exhaust flue gas
temperature by approximate 5–7 �C according to the investiga-
tions in Refs. [12,13,19,20].

Finally, the net improvement of the boiler efficiency with coal
pre-drying compared to the boiler without coal pre-drying can
be obtained by combining Eqs. (12) and (17):

Dgb ¼
q2 � q0

2

100
¼

I0g;tg � I0a;ta
� �

ð100� q4Þ
100LHV

�
I0g;t0g � 11:1lðct0gÞH2O

� I0a;ta
h i

ð100� q4Þ
100ðLHVþ 2:5lÞ ð18Þ
3.3. Steam turbine generator unit

In power plants with coal pre-drying, the efficiency of the steam
turbine generator unit (gi) is unchanged under the constant live
steam pressure and temperature; hence, the specific heat con-
sumption rate of the steam cycle (d0) is unchanged. However, the
total energy input of the boiler will increase in coal pre-drying
power plant under the same raw coal feed rate according to
Eq. (7), and thus, the live steam mass flow rate will increase and
is calculated as follows:

M0
s ¼

1000MðLHVþ 2:5lÞðgb þ DgbÞ
d0

ð19Þ

where d0 (kJ/kg-steam) is the specific heat consumption rate of the
steam cycle.

3.4. Power plant auxiliary variation

In coal pre-drying power plants, the reduced moisture content
will directly translate into reductions in mass flow rate of the coal
fed into pulverizer and mass flow rate of the flue gas, yielding a
reduction in power consumptions of the pulverizer and draft fan.
However, the mass flow rate of the live steamwill slightly increase,
which will require additional electric power requirement for con-
densate and circulation pumps. Moreover, dryers and relative aux-
iliary facilities will consume a portion of the generated electric
power. As a result, the power plant auxiliary varies depending on
the combined effects of the pulverizer, draft fan, pumps and dryers.

In general, electric power consumptions of the pulverizer, draft
fans and feed/condensed water pumps normally accounts for 30%,
10% and 25% of the total power plant auxiliary in coal-fired power
generation, respectively [21,22]. However, the electric power con-
sumption of the coal pre-drying unit is strongly influenced by the
degree of pre-drying and the specific type of the dryer employed.

Huma
Highlight
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In this study, the convective flue gas dryer is selected as an exam-
ple to investigate the plant auxiliary variations.

For the pulverizer, the power consumption is nearly propor-
tional to the mass flow rate of the feed coal. As a result, the varia-
tion of the power consumption of the pulverizer is obtained as
follows:

DPpulverizer ¼ la1Pgn0 ð20Þ
where a1 (30%) is the percentage of the pulverizer power consump-
tion in total power auxiliary, Pg the gross power electric output, and
n0 is the power auxiliary rate in the power plant without coal pre-
drying.

For the draft fan, the power consumption is calculated accord-
ing to [15]:

Pfan ¼
_Df � Dpr

1000gf
ð21Þ

where Dpr is the flue gas pressure enhanced in the fan, gf the
induced draft fan efficiency (gf = 0.85) and _Df the is volumetric flow
rate (m3/s). Dpr and gf are nearly unchanged in the coal pre-drying
power plant, while the volumetric flow rate of the fan is reduced,
due to the lower exhaust flue gas temperature. The volumetric flow
rate per kg flue gas is proportional to the temperature (K). As a
result, the variation of the draft fan power consumption is calcu-
lated as:

DPfan ¼ 1� T 0
e

Te

� �
Pfan ¼ 1� T 0

e

Te

� �
a2Pgn0 ð22Þ

where a2 (10%) is the percentage of the pulverizer power consump-
tion in total power auxiliary, Te and T 0

e the flue gas temperature at
the cold-side of the air preheater in power plant without and t with
coal pre-drying, respectively.

Likewise, the electric power consumption of pumps is also pro-
portional to the volumetric flow rate of the condensed/feed water.
As water is an incompressible fluid, volumetric flow rate is nearly
proportional to its mass flow rate, and thus, the increase of the
electric consumption of the pumps can be calculated as:

DPpumps ¼ M0
s

Ms
� 1

� �
a3P0n0 ð23Þ

where a3 (20%) is the percentage of the power consumption of
pumps in total power auxiliary, Ms and M0

s the mass flow rate of
feed water the power plant without and with coal pre-drying,
respectively.

In addition, the electric power consumption of the coal dryer is
expressed as p kW per kg moisture removed from the coal.

Finally, the overall power plant auxiliary variation is obtained
by:

DPa ¼ DPpulveriser þ DPfans þ DPpumps þ DPdryer ¼ plM þ M0
s

Ms
� 1

� �

� a3n0P0 � la1P0n0 � 1� T 0
e

Te

� �
a2Pn0 ð24Þ

Correspondingly, the power auxiliary rate of the coal pre-drying
power plant is obtained:
Table 1
The proximate and ultimate analysis data of the coals used.

Items Proximate analysis (as received basis)

Car Har Oar Nar Sar C

Coal I 62.41 4.49 7.49 1.18 3.23 0
Coal II 59.18 2.92 10.97 0.60 0.96 0
Coal III 51.77 2.71 10.88 0.39 0.71 0
Coal IV 44.63 2.95 12.32 0.70 0.54 0
n0 ¼ Pa þ DPa

P0
g

ð25Þ
3.5. Net energy efficiency of coal pre-drying power plants

According to Eqs. (4), (7) and (8), the total energy input of the
boiler in coal pre-drying power plant is M � LHV � b, and thus the
gross electric power output can be calculated by energy equilib-
rium according to the following equation [20,23]:

P0
g ¼ M � LHV � b � ðgb þ DgbÞ � gi ð26Þ

where gi denotes the efficiency of the steam turbine-generator unit
in coal pre-drying power plants.

Finally, the net energy efficiency of the coal pre-drying power
plant is calculated as the following according to Eqs. (25) and (26):

g0
net ¼

P0
g

M � LHV
� ð1� n0Þ

¼ b � ðgb þ DgbÞ � gi � 1� Pa þ DPa

P0
g

 !
ð27Þ
4. Results and discussion

Net efficiency gains in power plants using coal pre-drying are
determined by energy enhancement coefficient, efficiencies of boi-
ler and steam cycle and power auxiliary rate. Eqs. (8), (18), (25)–
(27) presented the performance improvement of main units and
the overall power plants incorporating coal pre-drying formu-
laically. In these formulations, the initial LHV of coals is obviously
one of the main factors influencing the effects of the performance
enhancement. In this context, four typical coals with different
moisture content, which could cover the range of the moisture
content of the most thermal coals, are selected here to compare
the performance of coal pre-drying power plants using different
coals. The proximate and ultimate analyses of the coals used are
shown in Table 1.

Moreover, the degree of coal pre-drying is also a crucial factor
influencing the energy enhancement coefficient, boiler efficiency,
auxiliary power rate, and the corresponding overall power plant
efficiency. The thermal performance of the main units and the
overall plant as a function of the degree of pre-drying is graphically
illustrated in this section.

4.1. Heat enhancement coefficient

According to the analysis in Section 3.1, the increase in energy
input rate of boiler after coal pre-drying is presented in Fig. 5. As
can be seen, the energy enhancement coefficient (b) is proportional
to the degree of pre-drying (l). Take Coal II as an example, b
reaches 1.015 as l is 0.1. It means that the available energy of
the dried coal increases by �1.5% after removing 0.1 kg moisture
per kg raw coal, although the mass of the dried coal is 10% less.
In addition, the higher initial moisture content of the raw coal,
the larger b under the same degree of pre-drying. This is because
that the coal with higher moisture content normally features a
LHV (kJ/kg) Ultimate Analysis (as received basis)

lar Mar Ash V FC

.00 25.52 12.20 9.00 26.15 52.65

.00 21.60 17.50 7.88 18.51 56.11

.00 18.35 25.00 8.54 23.95 42.51

.03 16.10 32.24 6.60 29.07 30.85



Fig. 5. Influence of degree of pre-drying (l) on the heat enhancement coefficient
(b).

Fig. 7. Influence of degree of pre-drying (l) on power auxiliary rate.
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lower LHV. Therefore, increasing the same amount of the boiler
energy input (2.5lMJ) by removing l kg moisture per kg raw coal,

the energy enhancement coefficient 2:5l
LHV

� �
is larger for the coal

with high moisture content.
4.2. Boiler efficiency

As discussed earlier (cf. Section 3.2), boiler efficiency increases
as fuel moisture content decreases due to the less flue gas exhaust
enthalpies. The results as illustrated in Fig. 6 show that boiler effi-
ciency improvement in the range of 0.4–0.5% could be achieved by
removing 0.1 kg moisture per kg raw coal. Moreover, the improve-
ment of the boiler efficiency is more pronounced for coal with
higher initial moisture content. For example, for each 0.1 kg mois-
ture removed, �0.5% boiler efficiency improvement will be
achieved in boilers firing dried Coal IV, higher than that in boilers
firing dried Coal I.
4.3. Auxiliary power rate

The auxiliary power rate of power plants firing different coals as
a function of the drying degree is summarized in Fig. 7. Some sim-
ilar downtrends of the power plant with different coals are
obtained, showing that the reduced power requirement of the pul-
verizer and the induced fan will largely offset the additional elec-
tric power consumption of dryers and pumps. Finally, the
auxiliary power rate decreases as fuel moisture content decreases,
also contributing to the net energy efficiency improvement in
Fig. 6. Influence of degree of pre-drying (l) on boiler efficiency.
power plants with coal pre-drying. It may also be noted that, the
magnitude of the auxiliary power rate variation is insignificant
regardless of the coal types with different moisture content and
the gap between the auxiliary power rate reductions in power
plants using different coals is also quite narrow. This is because
that: (1) the magnitude of the auxiliary power rate, which repre-
sents the ratio of the auxiliary power to the total generated electric
power, is not large itself; and (2) the variations of the electric
power consumed by the induced fan, dryers and pumps will largely
offset each other, and thus the variation of the auxiliary power is
slight, no matter what type of coal the power plant burns.
4.4. Net efficiency

The reduction in moisture content will increase the coal’s
energy flow rate and boiler efficiency, but decrease the auxiliary
power rate, leading to an increase in the plant’s net energy effi-
ciency. The predicted net energy efficiency gains for coal pre-
drying power plant as a function of pre-drying degree is presented
in Fig. 8. These results indicate that the net efficiency of the power
plants increases as moisture content decreases. Moreover, under
the same pre-drying degree, the plant’s energy efficiency improve-
ment is more obvious in power plant firing the coal with higher
moisture content. This is mainly because: (1) the energy enhance-
ment coefficient is larger for the coal with higher initial moisture
content; and (2) the boiler efficiency improvement is more pro-
nounced in boiler firing high-moisture coal.

In summary, as for power plant firing the medium to high mois-
ture coal, each 0.1 kg moisture removed per kg raw coal could
bring about a �0.6–0.9% increase in net efficiency of power plants.
Take a 600 MW power plant as an example [18], additional
Fig. 8. Influence of degree of pre-drying (l) on net efficiency improvement.



Fig. 9. Breakdown of the energy efficiency improvement by coal pre-drying.
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�24,600 MW h electric power could be generated under the con-
stant raw coal consumption rate; if the demand of the electricity
gird keeps the same, �15 thousand tons of standard coal could
then be effectively saved per annum.
4.5. Breakdown of the net efficiency improvement

According to Eq. (27), the net efficiency improvement of coal
pre-drying power plants could owe to the combination effects of
the larger energy flow rate, increased boiler efficiency and the
reduced auxiliary power rate. Fig. 9 illustrates the breakdown of
the net efficiency gains in power plants by these three aspects
(take Coal II as an example). It should be at first noticed that larger
energy flow rate caused by the drying process is the biggest con-
tributor to the net energy efficiency increment. Nearly �70% of
the net efficiency improvement should attribute to the energy flow
rate enhancement. The boiler efficiency improvement makes the
second large contribution to the net efficiency improvement,
accounting �20% of the net efficiency improvement. The reduction
in auxiliary power rate further improves the net power plant effi-
ciency, although the contribution weight only accounts for �10% of
the overall efficiency gains.
5. Brief economic evaluation

In this section, the coal pre-drying power plant firing the Coal II
is selected to reveal the economic benefit through coal pre-drying.
Table 2
Basic assumptions for economic analysis.

Items Values

Discounted rate (k) 0.08
Economic lifea (s) 30 yr
Annual operation hours (N) 6900 h/yr
Annual capacity factor (w) 0.8
Grid feed-in tariff (pe) $0.061/kW h

a Economic lifetime and discount rate are according to Ref. [24].

Table 3
Basic capital cost data of facilities.

Component Reference ICC0 (M$)a Reference scale Scaleb

Dryer 4.00 200.0 231.1
Coal crusher 0.50 408.7 231.1
Bag house 0.64 160.0 252.7

Total

a The reference ICC is taken from Refs. [25,26].
b The scale is calculated according to the power plant efficiency and the coal compon
c The scale factor is taken from Refs. [27,28].
The convective flue gas dryer is employed here as an example and
the degree of pre-drying is assumed at 0.1. The additional net eco-
nomic benefit is due solely to the increase of electric power output
in coal pre-drying power plant and is calculated as follows [17]:

DInet ¼ DIe � DICC� CRF� DCO M ð28Þ

where DIe, DICC and DCO M denote the variations in annual electric-
ity sales income, total installed capital costs (ICC) and the annual
operating and management costs, respectively, and CRF is the cap-
ital recovery factor.

The capital recovery factor (CRF) is related to the discounted
rate (k) and the life span of equipment (s), which can be obtained
using the following equation:

CRF ¼ ½k � ð1þ kÞs�=½ð1þ kÞs � 1� ð29Þ
The additional annual electricity sales income DIe can be

obtained using the following:

DIe ¼ Pnet � Dgnet � N �w � pe ð30Þ

where Dgnet is the increase of the power plant net efficiency; N is
the operation hours per year; w is the average capacity factor; pe
denotes the grid feed-in tariff of electric power ($/kW h).

The operation and maintenance cost (CO M) is assumed to be
proportional to ICC, with the proportionality coefficient of c set
to 4% [22].

The major assumptions for economic performance evaluation
are listed in Table 2.

In the coal pre-drying power plant, dryers, coal crushers and
bag houses are required, which will lead to an increase in ICC,
i.e., D

P
ICC ¼ ICCdryers þ ICCcrushers þ ICCbag houses. For a given equip-

ment, ICC is calculated using the scaling up method according to
Ref. [23]:

ICC ¼ n� ICC0 � S
n� Sr

� � f

ð31Þ

where S and f denote the scale parameter and scaling factor in the
present scale, respectively; Sr is the scale parameter of a single train
of a reference component of size; n is the number of equally sized
trains operating at capacity of 100%/n and ICC0 is reference ICC of
the equipment. The values of the key parameters and results of
the ICC calculation for the dryers, lignite crushers and bag houses
are listed in Table 3.

The results of the economic evaluation are shown in Table 4.
The annual carry charge and operating and maintenance costs
(OMCL) slightly increases by $0.59 M and $0.26 M, respectively,
due to the additional equipment required. However, the annual
income from electricity sales significantly increases by $5.80 M.
As a result, the additional net economic benefit of coal pre-
drying power plant reaches as high as $4.95 M per year. Therefore,
the coal pre-drying power plant also features better economic per-
formance than the power plant without coal pre-drying.
Scale factorc Scale unit n ICC

0.80 ton raw coal/h 2 5.16
0.67 ton raw coal/h 1 0.34
0.67 volume flow rate (m3/h � 104) 3 1.09

6.59

ents.



Table 4
Additional net economic benefit the proposed coal pre-drying power plant.

Unit Value

Electricity sales income increase (DIe) M$ 5.80
Additional installed capital cost (DICC) M$ 6.59
Additional annual carrying charges (CRF � DICC) M$ 0.59
Additional operating and maintenance costs (DO&M) M$ 0.26
Additional net economic benefit (DInet, M$) M$ 4.95
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6. Conclusions

A theoretical analysis was performed to reveal the principles of
the energy efficiency improvement in power plants by coal pre-
drying. The influences of the moisture content on thermal perfor-
mance of the main units and overall power plant were formulized
and graphically presented. The following conclusions can be
drawn:

(1) The moisture content of coal would adversely affect the effi-
ciency of the coal-fired power generation. The more mois-
ture removed, the larger efficiency gains, irrespective of
coal ranks. For each 0.1 kg moisture removed per kg raw
coal, the net energy efficiency improvement would achieve
�0.6% to 0.9% in typical supercritical power plants firing
the coal with medium to high moisture content.

(2) Energy efficiency improvement by coal pre-drying is owe to
the combination effects of the improvements in coal’s
energy flow rate, boiler efficiency and the reduction in
power auxiliary rate. The increase of coal’s energy flow rate
is generally the biggest contributor, accounting for �70% of
the overall energy efficiency improvement, followed by the
boiler efficiency improvement and the power auxiliary rate
decrease.

(3) The energy efficiency gains in coal pre-drying power plants
are different in power plants firing coals with different initial
moisture content under the same degree of pre-drying. The
energy efficiency improvement by coal pre-drying is more
pronounced for the power plants using coals with higher ini-
tial moisture content.

(4) The economic evaluation shows that the power plant with
coal pre-drying will perform much more economically than
the power plant without coal pre-drying.
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