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A long-term (8 years) experimental investigation has been carried
out to analyze the effect of coal quality on the economy of power
plants and to develop a predictive method for the determination
of the most economical coal in a fluctuating coal market. The
research results show that the facility maintenance costs, the com-
bustion-supporting oil consumption, and the frequency of tube
explosion increase exponentially with the ash content increasing,
and the total maintenance costs increase sharply when the quality
of the coal declining significantly from the designed coal. Taken
into considerations the coal-purchasing costs, facility mainte-
nance costs, emission costs, etc., a comprehensive mathematical
model has been developed to predict the most economical coal,
which is the coal with an ash content of 28.9% for the power
plant investigated. Finally, a rapid calculation method has been
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proposed to determine the most economical coal in a fluctuating
coal price market.

Keywords: Economical; Fluctuating coal price; Power plants

INTRODUCTION

More than 70%—80% of the total operational cost of a coal-burned power
plant is for the purchase of coals. In China, the supply of coal is insuf-
ficient and the coal price rose sharply in recent years. Power plants are
generally operating in the margin of deficit and most of them are unable
to buy high-price designed coals. In order to control the power generation
costs, power plants always try to use low-quality coals at relatively low
costs. These coals usually have high-ash content, high-sulfur content,
and a low volatile content. Moreover, to ensure the large quantity of the
coal required, large power plants have to purchase coals from as many
as 20 to 30 different small coal mines. The quality of the coals varies
greatly and the coal price is fluctuating rapidly [1]. This results in various
negative effects on power plant operation, such as an increase in system
abrasion, increase in power consumption for coal pulverizing, increase in
the consumption of ash-flushing water, increase in pollution discharge,
decrease in the system efficiency of sulphur removal, causing ignition
delay, high-ash carbon content, etc. [2-5]. Under the current complex
situations of fluctuating coal prices, all coal-burned power plant opera-
tors face this urgent problem of determining the most economic coal that
can keep the balance between safety, efficiency, and a low budget for coal
purchase. In the long term, it is also required for them to determine how
to select the coming coals at the most rational price, how to make a
scientific estimation of various additional costs, etc. The overall objective
is to ensure that power plants minimize both the costs on coal purchasing
and the additional costs due to the combustion of low-quality coals.
There have been a number of previous researches on the optimiza-
tion of operation parameters of coal combustion with coal quality to
control the cost of power plant operation [6]. Most of the theoretical stu-
dies were carried out by using neural network and/or statistical methods,
and based on this research some expert systems were developed in order
to analyze the effect of coal quality on the efficiency of the furnace and
the costs of coal purchasing [7-10]. In 2000, a computer-modelling pro-
gram, “Integrated Environmental Control Model (IECM)”, has been
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developed at the Carnegie Mellon University and the Department of
Engineering & Public Policy (EPP) in the United States. It is capable
of performing systematic cost and performance analyses of emission
control equipments in a coal-fired power plant [11].

In the above research, the effect of the change in coal quality on the
efficiency of combustion, coal-purchasing cost and the cost of air pol-
lution charge has been considered. However, it did not consider the
maintenance cost of the power plant. Since the maintenance cost is
one of the most significant costs of power plant operation, if it is not
included, then it will be less meaningful to perform optimization of coal
quality to control the cost of power plant operation, and it will not be
able to give a good guidance on coal purchase.

In this work, based on a long-term (8 years) experiment performed in
a power plant, the effect of the change in coal quality on the economy of
the power plant has been analyzed, and a comprehensive mathematical
model has been developed, and in particular the effect of coal quality
on the maintenance cost of the power plant has been included. A rapid
calculation method is also proposed to determine the most economical
coals for coal-burning power plants under complex fluctuating coal prices.

ANALYSIS OF THE IMPACT OF COAL QUALITY ON POWER
PLANT OPERATIONAL COSTS

Description of the Test Power Plant

Experiments were performed in a 4 x 215 MW power plant in the Shanxi
province in China from 2002 to 2009. Coal is burned using opposite swirl
burners, and eight steel ball mills are fitted for each furnace. There is a
wet desulfurization system and an ash-purging system using water, with
no De-NOx system. Because the power plant is close to many collieries,
the coals used are transported using trucks from more than 10 collieries
nearby.

Worsening of the coal quality is usually characterized by an increase in
ash content over the designed coal, thus leading to a huge increase in the
total amount of coal burned. In addition, there is an excessive sulfur and
nitrogen content in low-quality coals, resulting in a sharp increase in the sul-
fur-removing costs and an additional atmosphere pollution charge. Table 1
shows four coals used for the experiment, of which, No. 1 is the designed
coal, Nos. 2—4 are typical coals that the power plant use with greater supply.
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Table 1. Coal quality for experiments

Coals

No. 1 (Design coal) No. 2 No. 3 No. 4

Ash content (%) 19.77 24.69 28.93 33.72

Sulfur (%) 0.2425 1.140 1.360 2.740

Standard unit coal price 416.0 385.0 360.0 335.0
(yuan/ton)

Converted whole year actual 273.54 293.07 329.92 377.83
coal amount (10,000 tons)

Whole year expense for purchasing 98038.7 91483.7 86641.2 83542.3
coals (10,000 yuan)

Total ash content amount 54.09 72.36 95.46 127.40
(10,000 tons)

It can be seen from Table 1 that when converting to the same whole
year power generation of 7.5 billion Kw - h, the actual total amount of
No. 1 coal (designed coal) consumed is 2.7354 million tons, whereas that
of No. 4 coal is 3.7782 million tons, an increase of 1.0428 million tons
with 0.7331 million tons more ash. This means that an extra 1.0428 mil-
lion tons of coal has to be conveyed, pulverized, fed and burned and the
heating surface has to be subjected to the abrasion of a much greater
amount of flue gas, an extra 0.7331 million tons of ash has to be treated
with the electrostatic dust precipitator, and the fans have to consume a
greater extra amount of plant-service power.

Furthermore, because of the greater amount of coal consumption,
leading to a greater total amount of dust release and an increase in the
dust release penalty. Though the nitrogen content of the coals for the
experiment is basically the same, the total NO, emission and the charge
for NO, emission are greatly increased due to the increase in the total
coal consumption. As the high-ash content aggravates abrasion, facility
maintenance cost caused by abrasion rises. Excessive ash content is also
the greatest hidden danger threatening the safe operation of the boiler.
As the ash content grows, the consumption of the combustion-
supporting oil increases, resulting in a rise of the cost for purchasing
oil. There is also an increase in the frequency of tube-explosion leaks,
causing a more frequent boiler shutdown, which invokes a greater loss
of profits. To sum up, major additional costs of the power plant oper-
ation incurred due to the worsening of coal quality consist of four types
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of costs, i.e., additional ash-discharge cost, additional atmosphere
pollution charge, additional effluent discharge charge, and additional
facility maintenance costs.

Mathematic Model of the Additional Costs Incurred From the
Change in Coal Quality

Compositions of the additional costs incurred from the change in coal
quality have been listed in Figure 1, in which the designed coal is taken
as a baseline The additional costs incurred due to the worsening of coal
quality refer to the differences it made in the four costs, i.e., ash increase
cost, atmosphere pollution charge, effluent discharge charge, and facility
maintenance cost, when compared with those for the designed coal. The
change in coal quality not only affects various additional costs but affects
the cost for coal purchasing. The total cost presented in the current arti-
cle is the sum of the coal-purchasing cost and various other additional
costs. The mathematical model concerned is described as follows:

F ZFgm—‘rFfj, (1)

-I Purging walter cost

{ Ash increase costs

S

*lAsIl storage cost
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Figure 1. Additional costs incurred from the change in coal quality.
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where F;, is the total cost (yuan), Fjy, is the coal-purchasing cost (yuan),
Fy is the additional cost incurred due to the worsening of coal quality
(yuan), and

E{i:Faic+Fapc+Fedc+Efmc, (2)

where F,; is the ash increase costs (yuan), Fuic = Fpwe + Fase + Fades Fape
is the additional atmosphere pollution charge (yuan), F,pc= Fyox+
Frox + Fparticulates Fedc is the additional effluent discharge charge (yuan),
Fogc = Fcop + Fpa + Fliuorides and Fyyc is the additional facility mainte-
nance costs (yuan), investigated by experiments and statistics.

Fow. is the additional purging water cost (yuan), Foye = kpwe X G X
A X fens, In which k. is a constant average value of tests for many
years, means how many tons water is needed per ton ash, 4.41 in this
experiment; G is the quantity of coal (ton); A is the content of ash in
the coal (%); fins is the cost of purging water per ton (yuan-ton '),
0.645yuan - ton~ ! in this work.

F . is the additional ash storage cost (yuan), F,s. =f.a X Ga, in which
f.a is the unit cost for the construction of the ash yard (yuan-ton™ '), 11.5
yuan -ton ' in this work; Gy is the total mass of the ash (yuan).

F.qc is the additional ash discharge cost (yuan), F,qc= kagc X Ga,
in which k,q. is the constant 4.1, means the charging fee from local
government per ton ash, and it is charged by the rule of the local
government.

Fyox is the additional desulfurization cost (yuan), Fs,x = (1600000 x
G X S X f30x)/0.95, in which G is the amount of coal burned (kg), S is
the content of sulfur in the coal (%), fsox is the unit cost of sulfur emis-
sion (yuan-kg™!), 0.6 yuan -kg ™! in this work, and 0.95 is a coefficient,
ruled by the local environmental protection administration.

F,ox is the additional NO, discharge cost (yuan), Fox=1(9950 x
G X frox)/0.95, in which fyox is the unit cost of NO, emission
(yuan - kg™ "), and 0.95 is a coefficient, ruled by the local environmental
protection administration.

Fparticulate 18 the additional particulate discharge cost (yuan):

G x (A+2% x 32) x (1= 1) X fe x 900
F, particulate = 218 ) (3)

in which A4 is the content of ash in coal (%), f,. is the unit cost of particu-
late emission (yuan - kg '), 0.6 yuan - kg~ in this work and Q, is the low
heat value of coal (kJ -kg™ '), excluding the latent heat.
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Fcop is additional COD (Chemical Oxygen Demand) discharge cost
(yuan), Fcop = Whes X Ncop X fcop/kcop, in which, Wi is the amount
of waste water from ash yard (t), Ncop is the concentration of COD
(kg-L™"), 0.03kg-L~" in this work, kcop is the coefficient constant
(kg-L™ 1), 1.0kg- L' in this work, and feop is the unit cost of COD
charges (yuan -t ).

Fpy is the additional effluent discharge cost by PH value (yuan),
Fpy = Whe X fer/kpn, in which fpy is the unit cost of effluent emission
by PH value (yuan - kgfl), and kpy is the coefficient constant.

Fhuoride 18 the additional fluoride discharge cost (yuan), Fyyorige =
Whts X Niuride X ffuride/ Kfluorides in Which Npyorige is the concentration of
fluoride (mg- LY, Siworide 1S the unit cost of fluoride emission
(yuan - kgfl), and kquorige 18 coefficient constant.

DECISION MAKING ON THE MOST ECONOMIC COAL
AT FIXED COAL PRICES

To investigate the effect of burning coals of different qualities on various
additional costs of power plant operation, four coals with relatively
greater differences in sulfur content were selected for experimentation.
From Table 1, it can be seen that the unit price of the standard coal
increases with the decrease in ash content and decreases with the
increase in sulfur content. To quantitatively obtain the impact of the
change in coal quality on the total cost, the key is to determine whether
it is possible to quantitatively calculate the impact of the change in coal
quality on various additional costs. As there are corresponding national
standards of charge for ash production, atmosphere pollution, and efflu-
ent discharge from power plants, it is easy to determine these additional
costs. The most difficult to work out is the relationship between the
additional facility maintenance cost and the change in coal quality.

From the analysis of the experimental data and the statistics of the
abrasion and maintenance costs, tube-explosion leak frequency and
combustion-supporting oil consumption with respect to the change in
coal quality from 2003 to 2006, it is found that there is a good exponen-
tial relationship between the global facility maintenance cost (including
abrasion) and ash content, as shown in Figure 2.

It is also suggested that there is a good exponential correlation
between the change of ash content in the coal and the tube-explosion
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Figure 2. Trend of change of maintenance cost with ash content.

leak frequency, and the combustion-supporting oil consumption as
shown in Figures 3 and 4, respectively. The change in coal quality is
shown in Figures 3 and 4. The change in coal quality refers mainly to
the change in ash content, sulfur content, and volatile content. Since
the changes in sulfur content and volatile content do not significantly
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Figure 3. Relation between average monthly tube explosion leak frequency and ash content.
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Figure 4. Relation between change in combustion-supporting oil amount and ash content.

affect the facility maintenance and service costs, therefore, the effect of
coal quality on maintenance and service costs could be converted to the
effect ash content in coal.

Figure 5 has depicted the additional discharge cost due to the
changes in sulfur content. Along with the increase in the sulfur con-
tent, the additional cost involved increases. By superimposing the
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Figure 5. Relation between coals and additional costs incurred by change in sulfur content.
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Figure 6. Relation between coal quality and additional costs incurred by ash content.

calculated values of the additional ash increase cost, atmosphere pol-
lution charge, and effluent discharge charge incurred from the change
in coal quality in Figures 2—4, the relation between the change in coal
quality and the total additional costs can be obtained, as shown in
Figure 5.

Figure 6 shows the additional costs of the four experimental coals
incurred from the change in ash content. The plot shows that the higher
the ash content, the greater the additional costs. The lowest point where
the additional cost equals 0 is corresponding to the baseline coal, that
is, the designed coal.

With the current unit price of the four coals shown in Table 1, we
can find the trend of change in coal-purchasing cost in terms of the coal
ash content as is shown in Figure 7. With the rise in coal ash content, the
coal-purchasing cost decreases drastically. Apparently, the key measure
to control the total cost is to bring the unit price of the standard coal
under control.

The total cost is the sum of the coal-purchasing cost and various
additional costs. So it is possible to obtain the relationship between
the total costs and coal quality by superimposing the plots shown in
Figures 5-7, and this results in Figure 8. The total costs are determined
by using the mathematical model based on Equation (1). As is indicated
in Figure 8, when burning low-quality coals, the cost may not necessarily
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Figure 7. Purchasing cost for different coals.

be low, whereas when burning the high-quality coals, the cost may not
necessarily be high. At the current standard coal unit price, the total cost

of burning the No. 3 coal with an ash content of 28.93% is the most econ-
omical coal.
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Figure 8. The total cost for coals with different qualities under the experimental working
condition.
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DECISION MAKING ON THE MOST ECONOMIC COAL
UNDER FLUCTUATING COAL PRICE

The operational costs of a power plant are influenced directly by the fluc-
tuation of the standard coal unit price. When the designed coal is used,
the boiler efficiency is high, but the coal price is also high. Therefore,
burning the designed coal is not always the most economical option.
When the growth of the price for high-quality coal is less than that for
low-quality coal, the advantage of the purchasing price for the
low-quality coal is weakened and the most economical coal quality
moves to the high-quality coal.

Figure 9 indicates the effect of coal quality changing on the price for
the four experimental coals in seven environments (Curves 1-7) from
2002 to 2009, and correspondingly, Figure 10 shows the profiles of total
cost obtained using the total cost mathematical model for the experiment
performed. Curves 1-6 in Figure 9 are the real standard coal price, while
Curve 7 is the standard coal unit price worked out artificially. The total
cost corresponding to Curve 7 in Figure 10 is a straight line, and it indi-
cates that under this condition, the total costs for all the experimental
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Figure 9. Relation between change in standard coal unit price and coal quality.



DECISION MAKING ON MOST ECONOMICAL COAL 285

Noi ' No2z No3 ' ' Nod4
110000 — = Curver
Curve2 4
c —&— Curve3
S 105000 v— Curved4
> Curve5 i
) Curveb
= e 7
+ 100000 Curve? |
2 i
(&)
S
2 95000+ 1
90000 : . 1 : : :

20 25 30 35
Ash content%

Figure 10. Change of comprehensive cost with coal quality.

coals are the same and there is not a most economical coal, so the power
plant can buy any of them. The other total cost curves in Figure 10 have
suggested some interesting results.

It is shown clear from Figure 9 that the actual price of the coals is
frequently fluctuating. With Curve 7 as a baseline, the variation of the
best coal quality with the change of the coal price is discussed as follows.
As illustrated in Curve 5, the growths of coal price for the Nos. 2 and 3
coals are the same, but lower than that of the coal No. 1 with the lowest
ash content and the coal No. 4 with the highest ash content. As a result,
the ash content of the most economical coal should be between that of
the No. 2 coal and the No. 3 coal.

If the increase of coal price for the high-quality coal is relatively
larger, the most economical coal should move toward the low-quality
coal. When the price increase of No. 2 coal is only higher than that of
the No. 3 coal shown in Curve 1 of Figure 9, the trend of the total cost
will evolve to Curve 1 in Figure 10, and the most economical coal will
move to the No. 3 coal. When the price increase of the No. 2 coal is lar-
ger than that of both the No. 1 coal and No. 3 coal, the total cost will
form a peak at that section and the trend of the total cost will evolve
to Curve 2 in Figure 10. Under this condition, it is necessary to avoid
buying coal in this section, but to select the designed coal whose quality
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is better than that of the No. 2 coal or the No. 3 coal with a more econ-
omical quality.

If the price increase of the low-quality coal is relatively larg, the most
economical coal moves toward the high-quality coal with a higher price.
Curve 4 in Figure 9 depicts this situation when the price increase of the
No. 3 coal is greater than that of the No. 2 coal, and the most economical
coal moves to the No. 2 coal in Figure 10. If the price increase of the
No. 3 coal is greater than that of both the No. 2 coal and the No. 4 coal,
the total cost will form a peak around the No. 3 coal quality, as shown by
Curve 6 in Figure 10. In this situation, it should be avoided to buy coals
in this section, but to select the No. 4 coal with the lowest quality or the
No. 2 coal with a higher quality. If the growth of coal price is enlarged
more with the increase of the ash content in the coal, the best quality
coal No. 1 with least ash content should be the most economical coal,
as denoted by Curve 3 in Figure 10.

Based on the above discussion, the model for determining the most
economical coal under the condition of fluctuating coal price can be
summarized as follows:

A= {ilmin(¢; — i = 1,2,...n)}, (4)

where A is the aggregation of coal serial number with the most economi-
cal quality, ¢} is the baseline of the standard coal unit price for No. i coal,
and ¢; is the current price of standard coal unit for No. i coal.

CONCLUSIONS

In this article, taking into consideration the maintenance cost together
with the coal-purchasing cost and various emission costs, the effect of
the coal quality on the economy of a power plant has been mathemat-
ically analyzed based on a long-term experimental investigation. The
main conclusions are as follows:

1. Along with the worsening of coal quality and the increasing of ash
content, the facility maintenance costs, the tube-explosion leak fre-
quency, and the combustion-supporting oil consumption increase in
an exponential correlation with the ash content. The total mainte-
nance cost increases sharply when the quality of the coal declines
significantly from that of the designed coal.
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2.

A comprehensive mathematical model has been developed and it is
found that the quality of the most economical coal for the power plant
is located between the designed coal and the low-quality coals. For
the power plant investigated in this work, the ash content of the most
economical coal is around 28.9%.

. The quality of the most economical coal changes with the fluctuation

of the coal price. A simple and rapid calculation method is developed
to determine the coal of the most economical quality in a market with
a fluctuating coal price. A criterion price is firstly calculated assuming
that the total costs of all the coals are the same, and the current most
economical coal is the one with the least difference between its price
and the criterion price.
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