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Abstract: Based on the temperature and O2 concentration in the cement precalciner, co-combustion
of anthracite and Refuse Derived Fuel (RDF) were investigated using a thermogravimetric analyzer
(TGA) and a double furnaces reactor. Both the TGA and double furnaces reactor results indicated
that the co-combustion characteristics were the linear additive effect in the devolatilization stage,
while it was the synergistic effect in the char combustion stage. During co-combustion, at 900 ◦C,
NOx released rapidly during the devolatilization stage, but in the char combustion stage the NOx
formation were inhibited; at 800 ◦C, a large amount of CO formed, which could reduce the NOx.
In general, at 900 ◦C and 800 ◦C, the application of co-combustion could lower the NOx emission yield
and lower the NOx conversion. By combining the combustion characteristics with the XRD results,
it was indicated that during co-combustion, at 800 ◦C, the SO2 formation reaction was inhibited,
and the SO2 yield and conversion were quite low.
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1. Introduction

The coal consumption of the precalciner accounts for about 60% of the new dry process cement
industry. Most of the cement industries are likely to use bituminous coal as a fuel rather than anthracite.
With the depletion of conventional energy resources, shortening the burning-out time and keeping
the normal ignition of anthracite combustion in the precalciner have become big technical problems.
The production of Refuse Derived Fuel (RDF) contains high volatiles, can promote ignition, and can
maintain the long-time stable combustion of anthracite, which is a good alternative fuel for blending
with coal, theoretically.

Many investigations have been carried out on the co-combustion of RDF and bituminous coal.
Some scholars found that RDF samples could lower the NOx and SO2 emission by blending with
coal [1,2]. It is shown by Bai that the Ca-based materials contained in RDF could remove SO2 through
sulfate reaction [3]. However, none of the above scholars have studied the co-combustion of RDF
and anthracite. The anthracite in the cement industry is not used widely, since the combustion
characteristics of anthracite were worse than those in bituminous coal. Since coal is a non-renewable
resource, its reserves are limited. Using anthracite in cement could promote the proper use of
resources. In the cement industry, the regulation of fuels is strict. The combustion characteristics
of anthracite may be improved by co-combustion with RDF. Lee found that the emissions of NOx
during co-combustion did not change appreciably as compared to the case when Korean anthracite
was burnt alone [4]. Li compared the thermal behavior of anthracite coal, RDF, and their blends during
the combustion process by means of thermogravimetric analysis, and found that the incorporation of
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RDF could improve the ignition and burnout characteristics compared with the separate combustion
of anthracite [5]. As mentioned above, it is feasible to use the co-combustion of RDF and coal as fuel;
however, none of these studies are performed in the environment of precalciner. The characteristics of
the precalciner environment are special and are mainly reflected in two aspects. Firstly, the precalciner
is a high temperature reactor, which includes the endothermic process of coal combustion and the
exothermic process of CaCO3 decomposition, resulting in the different distributions of temperatures.
The average temperature in the precalciner is about 880 ◦C, which is lower than the temperature in the
power plant [6,7]. Many experiments about different coal combustions showed that the NOx emission
concentration was connected with temperature, but the NOx emission concentration increase rates
varied with the temperature [8–13]. Secondly, there were two gas flows in a precalciner, one was the
tertiary air, in which the O2 concentration was 21%; the other one was the flue gas from the rotary kiln,
in which the O2 concentration was from 2% to 4%. In the coal injection inlets, the O2 concentration
was about 18% according to the on-site data. Lin studied the combustion of Zhehun blended coal
(a bituminous coal) in a 420 t/h boiler and found the NO emissions increased significantly with the
excessive air coefficient, especially when air coefficient ranged from 0.8 to 1.2 [14]. Many other scholars
have demonstrated that NOx emission concentrations varied with the O2 concentration based on the
circumstances of power plants [15–17].

As mentioned above, to date, some scholars have studied the co-combustion characteristics
of RDF and coal; however, few of them chose the anthracite as the research object. In addition,
their experimental conditions were quite different from the actual cement plant. Furthermore, the coal
combustion processes were different in the different temperature zone, meaning that the NOx formation
processes were also different. To develop efficient NOx reduction technology in the cement industry,
it is important to obtain a deep understanding of the fuel NOx formation process in the environment
of the precalciner. Therefore, in this study, one RDF and one kind of anthracite taken from a cement
plant were selected as the research object. In this approach, the thermal characteristics and combustion
patterns of RDF, anthracite, and their blends were intended to be evaluated by proximate and ultimate
analysis, TGA, XRD, and a double furnaces reactor. To simulate the steady high temperature gas
flow, we set two furnaces to ensure that the gas flow had been preheated effectively in the fixed-bed
reactor experiments, which could prolong the residence time of the high temperature gas flow and
simulate the high temperature environment in the precalciner better. Additionally, the interactions
among CO, CO2, NOx, and SO2 were analyzed. The results have applications for NOx reduction in
an actual cement industry. The results will provide a theoretical reference to the proper disposal of
RDF, the combustion of anthracite in the precalciner, and the effective reduction of the emission of
NOx and SO2.

2. Experimental Section

2.1. Preparation of Fuels

The RDF and anthracite used in this study were collected from Huaxin Cement Co. Ltd.
(Huangshi, China). The fuel samples were milled and sieved to the size of <180 µm. The fuels were
dried in oven at 105 ◦C for 10 min before analysis and experiments. During co-combustion, the mass
ratio of anthracite and RDF was 1:1. Before co-combustion experiment, 0.25 g anthracite and 0.25 g
RDF were taken, put into a closed container, and shocked more than 1 min to make the mixture.

2.2. Apparatus and Methods

Characterization studies of fuels were carried out by applying proximate analysis,
ultimate analysis, and the calorific value. The proximate analyses of RDF were made according to the
Standard Practice for the Proximate Analysis of anthracite (GB/T 212-2008). Carbon (C), hydrogen (H),
oxygen (O), nitrogen (N), and sulfur (S) are the main chemical elements in a fuel. Thus, C, H, O, N,
and S content of fuels were determined by ultimate analysis conducted by Vario EL cube CHNSO
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analyzer. Calorific values of fuels were determined according to the Standard Practice for the calorific
value of coal (GB/T 213-2008). The results of proximate analysis, ultimate analysis, and the calorific
value of fuels are given in Table 1.

Table 1. Proximate analysis, ultimate analysis, and calorific value results.

Samples Proximate Analysis/wt % Ultimate Analysis/wt %
Qnet,daf/MJ·kg−1

Mad Aad Vad Fcad Cad Had Oad Nad Sad

RDF 3.60 48.75 46.9 0.75 36.78 4.36 4.57 1.16 0.78 12.42
anthracite 2.70 36.16 8.39 52.75 55.26 1.32 3.81 0.38 3.07 19.59

One of the combustion experiments was conducted using a NETZSCH Instrument STA2500
thermal analyzer equipment. The fuel was heated from room temperature to 1000 ◦C at 10 ◦C/min
with a flow rate of 100 mL/min, and the O2 concentration was 18%.

The other combustion experiments were performed in a double furnaces reactor, as shown in
Figure 1. The tube furnace was OTF-1200X, which used the quartz tube as the heating element;
the adjustable temperature range was from room temperature to 1200 ◦C. The temperature was
electrically controlled and displayed by a device automatically. The mixed gas of N2 and O2 controlled
by mass flow meters were used for combustion gas, and the O2 concentration was set as 18%.
The 1# furnace and 2# furnace were preheated to the desired temperature at 5 ◦C/min simultaneously
in each experiment. The 1# furnace could prolong the residence time of the high temperature gas flow
and maintain the constant temperature in the 2# furnace. The fuel sample was placed in a ceramic
boat and pushed rapidly into the 2# furnace, which was already preheated to the desired temperature.
For each run, the amount of fuel sample was about 500 mg and the gas flow rate was maintained at
1000 mL/min. The combustion flue gases, O2, CO2, CO, and NOX concentrations were monitored
online by MGA5 flue gas analyzer continuously. The device measured the concentrations of O2 and
CO2 with an Infrared (IR) cell as volume percentages; concentrations of other gases were measured
electrochemically in ppm. The time interval of sampling was 1 s.
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3. Results and Discussion

3.1. Combustion Experiments with Thermogravimetric Analyzer (TGA)

The combustion TG-DTG profiles of anthracite, RDF, and mixture are presented in Figure 2.
Figure 2a,b are the TG-DTG curves of separate combustion of anthracite and RDF, respectively.
Figure 2c is the TG-DTG curves of predicted values and actual values during co-combustion.
The predicted values are the linear additive mean values of the separate combustion of anthracite



Energies 2018, 11, 337 4 of 13

and RDF. Based on the TG-DTG curves, the combustion parameters are figured out, shown in
Table 2 [3,18,19]. The followings are the main combustion parameters:

(1) Rmax = (dW/dT)max is the maximum weight loss rate, Tmax is the corresponding temperature.
(2) Ti is the ignition temperature.
(3) C = Rmax*106/Ti

2 is the flammability index, which shows the reaction capacity in the early stage
of combustion.

(4) Rw = 560/Ti + 650/Tmax + 0.27*(dW/dT)max is the ignition stability index.
(5) t0 is the burning-out time.
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Table 2. Combustion characteristic parameters of samples.

Samples Anthracite RDF Mixture Pre-Mixture

Ti (◦C) 518 233 318 398
Rmax (mg·min−1) 4.36 2.31 1.72 2.24

C (mg·min−1·◦C−1) 16.25 42.55 17.01 14.14
Tmax (◦C) 573 283 559 573
Rw (◦C−1) 3.39 5.32 3.39 3.15

Loss weight (%) 65.74 49.48 55.61 57.27
t0 (min) 81.63 67.47 78.03 80.05

As shown in Figure 2a, the anthracite combustion process can be divided into three stages. In the
first stage (<133 ◦C), the weight loss was slight, about 2.67%, and the moisture content of anthracite
was 2.7% (Table 1). This stage was the moisture evaporation. In the second stage (133–518 ◦C), at a
temperature of 133–378 ◦C, the weight loss rate was steady (about 0.039%/min);this constitutes the
preheating process; in the temperature of 378–518 ◦C, the weight loss rate increased rapidly, and some
volatiles began to release. In the second stage, the accumulated weight loss was 10%. This constitutes
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devolatilization. The third stage (>518 ◦C) constitutes the ignition and combustion of combustible
components. As shown in Figure 2b, the RDF combustion process can also be divided into three stages.
In the first stage (30–108 ◦C), the weight loss rate was quick, and the weight loss was about 1.5%.
The moisture content was 3.6% (Table 1), constituting the evaporation of surface water. In the second
stage (108–233 ◦C), the accumulated weight loss was 6.46%; part of volatiles began to release. The third
stage (>233 ◦C) was the ignition and combustion of combustible components.

Compared with Figure 2a,b, for anthracite, there were two obvious weight loss rate peaks
at 573 ◦C and 663 ◦C on the DTG curve; for RDF, there were two obvious weight loss rate peaks
at 283 ◦C and 463 ◦C, and a weak peak at 618 ◦C on the DTG curve. RDF contained a large
amount of volatiles (46.9%); RDF began to burn when the temperature was above 233 ◦C. In contrast,
anthracite contained less volatile content (<10%); the ignition temperature was 518 ◦C (Table 2).

Figure 2c is the TG and DTG curves, respectively, of the actual co-combustion and the predicted
co-combustion curves. At temperatures below 318 ◦C, the actual TG-DTG curves were overlapped
with the predicted curves. As mentioned above, RDF began to burn at 233 ◦C, and anthracite was
in the drying stage before 318 ◦C. In conclusion, the volatiles combustion of RDF and the moisture
evaporation of anthracite were independent in the initial stage of co-combustion; this constitutes the
linear additive effect of the separate combustion of RDF and anthracite. At 318–543 ◦C, the weight
loss rate of the actual co-combustion was quicker than the predicted values, which showed that the
combustion of RDF could enhance the anthracite combustion. When the temperature was above 543 ◦C,
the actual co-combustion weight loss rate was lower than the predicted values, meaning that there
were less combustible components. In the predicted co-combustion DTG curve, three exothermic peaks
were observed at 463 ◦C, 573 ◦C, and 663 ◦C, while on the actual co-combustion DTG curve, there was
only a wide weight loss rate peak, at 559 ◦C. The later process of co-combustion (>318 ◦C) constitutes
the synergistic effect of RDF and anthracite. Based on the actual TG-DTG curves and the predicted
TG-DTG curves in Figure 2c, the thermal characteristics parameters are listed in Table 2. The actual
ignition temperature of mixture was 318 ◦C, while the predicted ignition temperature was 398 ◦C.
That is, the co-combustion could lower the ignition temperature. The actual flammability index and
ignition stability index were 17.01 mg·min−1·◦C−1 and 3.39 ◦C−1; both were higher than the predicted
values (14.14 mg·min−1·◦C−1 and 3.15 ◦C−1). However, the burning-out time (78.03 min) for actual
co-combustion was shorter than the predicted value (80.05 min), which meant the coal combustion
properties were obviously improved by adding RDF. Additionally, the actual total weight loss was
55.61%, which was slightly less than the predicted value (57.27%), constituting the coating effect of the
ash in RDF on the anthracite during the co-combustion.

It was seen that both the anthracite combustion and RDF combustion consisted of three processes:
the moisture evaporation, devolatilization, and char combustion based on the TG experiments.
The volatiles combustion of RDF and the moisture evaporation of anthracite were independent in the
initial stage of the co-combustion. The early stage of co-combustion constituted the linear additive
effect of the separate combustion of RDF and anthracite. In the later co-combustion stage, the weight
loss rate of the actual co-combustion was quicker than the predicted values, constituting the synergistic
effect. The combustion characteristics of anthracite were improved by adding RDF.

3.2. Combustion Experiments with a Double Furnaces Reactor

3.2.1. Combustion Process

Figures 3 and 4 are CO and CO2 emission curves of fuels combustion in a double furnace reactor
at 900 ◦C and 800 ◦C, respectively. The gas yields can be calculated by the integration of gas curves
with time according to Formula (1):

mj =
n

∑
i=1

ci × 10−6 × v÷ 60× t×Mj ÷ 22.4 (1)



Energies 2018, 11, 337 6 of 13

in which mj is the CO, CO2, NOx, or SO2 yield (mg), Ci is the CO, CO2, NOx, or SO2 concentration
(ppm), v is the volumetric flow 1000 (mL/min), Mj is the molar mass of CO, CO2, NOx, or SO2, t is
the time interval of sampling 1 (s), n is the number of being measured point, and j is CO, CO2, NOx,
or SO2.

Energies 2018, 11, x FOR PEER REVIEW  6 of 12 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

50

100

150

200

250

300

350
 RDF
 anthracite
 mixture

(57, 156)

(58, 99)
(236, 68)

(47, 327)

 

 

CO
 (p

pm
)

t (s)
 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

0

1

2

3

4

5

6

7

8

9
 RDF
 anthracite
 mixture

 t (s)

(464, 3.2)

(67, 5.3)

 

 

CO
2 

(%
)

(59, 8.3)

 
(a) CO (b) CO2 

Figure 3. CO and CO2 emission curves at 900 °C during combustion. 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

500

1000

1500

2000

2500

3000

3500
 RDF
 anthracite
 mixture

t (s)

CO
 (p

pm
) (72, 1962)

(114, 577)

(372, 1534)

(88, 3037) 

 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

1

2

3

4

5

6

7

8
 RDF
 anthracite
 mixture

 

 t (s)

C
O

2 
(%

)

(450, 2.9)

(60, 4.6)

 

 

(92, 7)

 
(a) CO (b) CO2 

Figure 4. CO and CO2 emission curves at 800 °C during combustion. 

According to Figure 3, the combustion characteristics were analyzed during fuel combustion at 
900 °C. Based on the CO and CO2 curves of RDF, the RDF combustion process can be divided into 
two stages. The first stage was the devolatilization and volatile matter content combustion, t < 200 s. 
In the first stage, the volatiles burned rapidly, CO and CO2 formed quickly, and the emission peaks 
were at t = 47 s and t = 59 s, respectively. The second stage was the char combustion, CO emission 
peak was at 236 s; at t = 700 s, the CO2 concentration was about 0%, which indicated that 
combustion process tended to be complete. It was concluded from the RDF combustion process that 
the devolatilization and volatile matter combustion played a dominant role in the whole 
combustion process, resulting in most of CO and CO2 formed in this stage. According to the CO 
and CO2 curves of anthracite combustion, the combustion process also included devolatilization 
and char combustion, but the char combustion stage played the dominant role, since most of CO2 
formed in the char combustion stage. During co-combustion, in the beginning of the combustion, 
CO and CO2 peaks were approximately half of the separate combustion, constituting the linear 
additive effect of anthracite and RDF; in the char combustion stage of co-combustion, both the 
concentration of CO and CO2 were higher than the half of the linear addition of separate 
combustion, constituting the synergistic effect. Meanwhile, the co-combustion burn-out time was 
shorter than the separate combustion of anthracite. The results of experiments on the fixed-bed 
reactor were coincident with the results of TG-DTG experiment.  

Combined with Figures 3–5, the combustion characteristics of fuels at 900 °C and 800 °C were 
analyzed. In Figures 3a, 4a and 5a, the CO emission peaks and zero concentration time were later at 
800 °C than at 900 °C, meaning the combustion rate was lower and the reaction time was longer at 
800 °C, resulting in the high CO concentration. As shown in Figure 4, in the devolatilization stage of 
three kinds of fuels there was a large amount of CO, with the maximum CO concentration of 3037 
ppm of anthracite combustion appearing at 800 °C, which was larger than that at 900 °C (99 ppm). 
During co-combustion, the maximum CO concentration was in the middle of the RDF and 
anthracite separate combustion, constituting the linear addition effect of RDF and anthracite. In the 
char combustion stage of three kinds of fuels, there weas also a large amount of CO, and the 

Figure 3. CO and CO2 emission curves at 900 ◦C during combustion.

Energies 2018, 11, x FOR PEER REVIEW  6 of 12 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

50

100

150

200

250

300

350
 RDF
 anthracite
 mixture

(57, 156)

(58, 99)
(236, 68)

(47, 327)

 

 

CO
 (p

pm
)

t (s)
 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

0

1

2

3

4

5

6

7

8

9
 RDF
 anthracite
 mixture

 t (s)

(464, 3.2)

(67, 5.3)

 

 

CO
2 

(%
)

(59, 8.3)

 
(a) CO (b) CO2 

Figure 3. CO and CO2 emission curves at 900 °C during combustion. 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

500

1000

1500

2000

2500

3000

3500
 RDF
 anthracite
 mixture

t (s)

CO
 (p

pm
) (72, 1962)

(114, 577)

(372, 1534)

(88, 3037) 

 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

1

2

3

4

5

6

7

8
 RDF
 anthracite
 mixture

 

 t (s)

C
O

2 
(%

)

(450, 2.9)

(60, 4.6)

 

 

(92, 7)

 
(a) CO (b) CO2 

Figure 4. CO and CO2 emission curves at 800 °C during combustion. 

According to Figure 3, the combustion characteristics were analyzed during fuel combustion at 
900 °C. Based on the CO and CO2 curves of RDF, the RDF combustion process can be divided into 
two stages. The first stage was the devolatilization and volatile matter content combustion, t < 200 s. 
In the first stage, the volatiles burned rapidly, CO and CO2 formed quickly, and the emission peaks 
were at t = 47 s and t = 59 s, respectively. The second stage was the char combustion, CO emission 
peak was at 236 s; at t = 700 s, the CO2 concentration was about 0%, which indicated that 
combustion process tended to be complete. It was concluded from the RDF combustion process that 
the devolatilization and volatile matter combustion played a dominant role in the whole 
combustion process, resulting in most of CO and CO2 formed in this stage. According to the CO 
and CO2 curves of anthracite combustion, the combustion process also included devolatilization 
and char combustion, but the char combustion stage played the dominant role, since most of CO2 
formed in the char combustion stage. During co-combustion, in the beginning of the combustion, 
CO and CO2 peaks were approximately half of the separate combustion, constituting the linear 
additive effect of anthracite and RDF; in the char combustion stage of co-combustion, both the 
concentration of CO and CO2 were higher than the half of the linear addition of separate 
combustion, constituting the synergistic effect. Meanwhile, the co-combustion burn-out time was 
shorter than the separate combustion of anthracite. The results of experiments on the fixed-bed 
reactor were coincident with the results of TG-DTG experiment.  

Combined with Figures 3–5, the combustion characteristics of fuels at 900 °C and 800 °C were 
analyzed. In Figures 3a, 4a and 5a, the CO emission peaks and zero concentration time were later at 
800 °C than at 900 °C, meaning the combustion rate was lower and the reaction time was longer at 
800 °C, resulting in the high CO concentration. As shown in Figure 4, in the devolatilization stage of 
three kinds of fuels there was a large amount of CO, with the maximum CO concentration of 3037 
ppm of anthracite combustion appearing at 800 °C, which was larger than that at 900 °C (99 ppm). 
During co-combustion, the maximum CO concentration was in the middle of the RDF and 
anthracite separate combustion, constituting the linear addition effect of RDF and anthracite. In the 
char combustion stage of three kinds of fuels, there weas also a large amount of CO, and the 

Figure 4. CO and CO2 emission curves at 800 ◦C during combustion.

According to Figure 3, the combustion characteristics were analyzed during fuel combustion
at 900 ◦C. Based on the CO and CO2 curves of RDF, the RDF combustion process can be divided
into two stages. The first stage was the devolatilization and volatile matter content combustion,
t < 200 s. In the first stage, the volatiles burned rapidly, CO and CO2 formed quickly, and the
emission peaks were at t = 47 s and t = 59 s, respectively. The second stage was the char combustion,
CO emission peak was at 236 s; at t = 700 s, the CO2 concentration was about 0%, which indicated that
combustion process tended to be complete. It was concluded from the RDF combustion process that
the devolatilization and volatile matter combustion played a dominant role in the whole combustion
process, resulting in most of CO and CO2 formed in this stage. According to the CO and CO2 curves of
anthracite combustion, the combustion process also included devolatilization and char combustion,
but the char combustion stage played the dominant role, since most of CO2 formed in the char
combustion stage. During co-combustion, in the beginning of the combustion, CO and CO2 peaks
were approximately half of the separate combustion, constituting the linear additive effect of anthracite
and RDF; in the char combustion stage of co-combustion, both the concentration of CO and CO2

were higher than the half of the linear addition of separate combustion, constituting the synergistic
effect. Meanwhile, the co-combustion burn-out time was shorter than the separate combustion of
anthracite. The results of experiments on the fixed-bed reactor were coincident with the results of
TG-DTG experiment.

Combined with Figures 3–5, the combustion characteristics of fuels at 900 ◦C and 800 ◦C were
analyzed. In Figures 3a, 4a and 5a, the CO emission peaks and zero concentration time were later
at 800 ◦C than at 900 ◦C, meaning the combustion rate was lower and the reaction time was longer
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at 800 ◦C, resulting in the high CO concentration. As shown in Figure 4, in the devolatilization
stage of three kinds of fuels there was a large amount of CO, with the maximum CO concentration
of 3037 ppm of anthracite combustion appearing at 800 ◦C, which was larger than that at 900 ◦C
(99 ppm). During co-combustion, the maximum CO concentration was in the middle of the RDF
and anthracite separate combustion, constituting the linear addition effect of RDF and anthracite.
In the char combustion stage of three kinds of fuels, there weas also a large amount of CO, and the
average concentration of CO at 800 ◦C was twenty times more than at 900 ◦C. The CO average
concentration during co-combustion was larger than that during the combustion of RDF or anthracite
separately, constituting the synergistic effect. In Figures 3b, 4b and 5b, the CO2 emission peaks and
yields were lower at 800 ◦C than at 900 ◦C, because some fuel-C existed in the form of CO at 800 ◦C.
Additionally, at 800 ◦C, the CO2 concentration in the early stage was nearly equal to the average values
of the separate combustion; in the final stage, the CO2 concentration was larger than the average values
of the separate combustion during co-combustion. This phenomenon was consistent with the results
at 900 ◦C.
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In general, the combustion experiments at 800 ◦C and 900 ◦C on the a double furnaces reactor
also showed that the early stage of co-combustion, constituted the linear addition effect of the
separate combustion of RDF and anthracite, while the later co-combustion stage constituted the
synergistic effect.

3.2.2. NOx Emission Characteristics

Figure 6a,b are NOx emission curves at 900 ◦C and 800 ◦C, respectively. According to the NOx
yield, the fuel N conversion can be calculated:

XNOx =
mNOx × 14

30

mo ×Nad ×
(

mCO2 ×
12
44 + mCO × 12

28

)
÷Cad ÷mo

(2)

in which XNOx is the fuel N conversion (%), mo is the mass of the fuel sample 500 (mg), Nad is the N
content in the fuel sample (wt %), and Cad is the C content in the fuel sample (wt %).
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The bond energy of C-N in the coal is about 25.5–65 × 107 J/mol, which is much less than the
N-N bond energy of nitrogen 94.5 × 107 J/mol in the air. In the environment of precalciner (<1500 ◦C),
the NOx mainly existed in the form of fuel NOx and the main reactions are as follows:

C + O2 → CO (3)

C + O2 → CO2 (4)

CO + O2 → CO2 (5)

Vol−N + O2 → NO + CO/CO2 (6)

Char−N + O2 → NO + CO/CO2 (7)

NO + CO→ N2 + CO2 (8)

In Figure 6a, during RDF combustion at 900 ◦C, the NOx released quickly and the maximum NOx
concentration was 238 ppm at t = 51 s, meaning that the NOx formed mainly in the devolatilization
stage and the main NOx formation reaction was reaction (6); during anthracite combustion, the NOx
released slowly and the maximum NOx concentration was 75 ppm at t = 221 s at 900 ◦C, and the NOx
concentration was about 74 ppm from 211–829 s; the NOx formed mainly in char combustion stage and
the main NOx formation reaction was reaction (7); during co-combustion, the NOx released quickly
at first; then, the NOx concentration was kept at 35 ppm, which then decreased to 0 ppm gradually;
the NOx formed in the whole combustion process. In the devolatilization stage, the NOx concentration
of co-combustion was nearly the same with the NOx concentration of RDF combustion, which meant
that the NOx formation reaction was enhanced during co-combustion. In the early combustion
process, although the CO concentration was nearly the average of the separate combustion of RDF
and anthracite during co-combustion, the reaction (8) was weak, resulting in the high NOx emission.
In the char combustion stage, the NOx concentration was lower than the average values. As mentioned
above, the CO concentration was high, which could inhibit the NOx formation. Combined with the
two stages, during the co-combustion the NOx yield and fuel NOx conversion was lower than the
average values of separate combustion of RDF and anthracite, as shown in Figure 7.
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In Figure 6b, during RDF combustion the reaction rate was slow, which could prolong the time
of volatiles combustion, and promote the reaction of fuel-N and O2, resulting in the increase of NOx
(Figure 7) at 800 ◦C; during anthracite combustion at 800 ◦C, the rapid formation of CO inhibited the
formation of NOx; during co-combustion process, in the volatiles combustion stage the NOx formation
reaction was promoted, but in the char combustion stage the NOx formation reaction was inhibited,
resulting in the NOx yield and fuel NOx conversion that were nearly the same as at 900 ◦C.

In conclusion, during the separate combustion of RDF, the volatiles combustion stage was
dominant and the combustion rate was quick. Additionally, the combustion rates were nearly the same
at 800 ◦C and at 900 ◦C, and the burn-out time was nearly the same. However, at 800 ◦C the reaction
rate of NOx and CO was slow, which meant the fuel NOx being reduced was less, resulting in the NOx
yield being higher at 800 ◦C. During the separate combustion of anthracite, the char combustion stage
was dominant, and the process was long. Additionally, at 800 ◦C, there was no obvious peak in NOx
release curve in the first stage; on the one hand, the NOx formation reaction was slow; on the other
hand, the large amount of existing CO could promote the reduction reaction of NOx. In addition, at low
temperature the char could form easily, which could also reduce the NOx. During the co-combustion,
the temperature had little effect on the release of NOx, but both the NOx yield and the fuel NOx
conversion were lower than the separate combustion. According the combustion process, during the
co-combustion, much more CO was formed, since the synthetic effect was in the second combustion
stage, which could inhibit the NOx formation and promote the reduction of NOx. What is more,
the NOx release curves were consistent with the CO2 release curves for three kinds of fuels.

3.2.3. SO2 Emission Characteristics

Figure 8a,b are SO2 emission curves at 900 ◦C and 800 ◦C, respectively. According to the SO2

yield, the fuel S conversion can be calculated:

XSO2 =
mSO2 ×

32
64

mo × Sad ×
(

mCO2 ×
12
44 + mCO × 12

28

)
÷Cad ÷mo

(9)

in which XSO2 is the fuel S conversion (%), mo is the mass of the fuel sample 500 (mg), Sad is the S
content in the fuel sample (wt %), and Cad is the C content in the fuel sample (wt %).



Energies 2018, 11, 337 10 of 13

Energies 2018, 11, x FOR PEER REVIEW  9 of 12 

 

In conclusion, during the separate combustion of RDF, the volatiles combustion stage was 
dominant and the combustion rate was quick. Additionally, the combustion rates were nearly the 
same at 800 °C and at 900 °C, and the burn-out time was nearly the same. However, at 800 °C the 
reaction rate of NOx and CO was slow, which meant the fuel NOx being reduced was less, resulting 
in the NOx yield being higher at 800 °C. During the separate combustion of anthracite, the char 
combustion stage was dominant, and the process was long. Additionally, at 800 °C, there was no 
obvious peak in NOx release curve in the first stage; on the one hand, the NOx formation reaction 
was slow; on the other hand, the large amount of existing CO could promote the reduction reaction 
of NOx. In addition, at low temperature the char could form easily, which could also reduce the 
NOx. During the co-combustion, the temperature had little effect on the release of NOx, but both 
the NOx yield and the fuel NOx conversion were lower than the separate combustion. According 
the combustion process, during the co-combustion, much more CO was formed, since the synthetic 
effect was in the second combustion stage, which could inhibit the NOx formation and promote the 
reduction of NOx. What is more, the NOx release curves were consistent with the CO2 release 
curves for three kinds of fuels. 

3.2.3. SO2 Emission Characteristics 

Figure 8a,b are SO2 emission curves at 900 °C and 800 °C, respectively. According to the SO2 
yield, the fuel S conversion can be calculated: 

2

2

2

SO

SO

o ad CO CO ad o

32m
64X

12 12m S m m C m
44 28




          

(9) 

in which XSO2 is the fuel S conversion (%), mo is the mass of the fuel sample 500 (mg), Sad is the S 
content in the fuel sample (wt %), and Cad is the C content in the fuel sample (wt %). 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

500

1000

1500

2000

2500  RDF
 anthracite
 mixture

 t (s)

(69, 130)
(335, 375)

(85, 257)

 

 

SO
2 

(p
pm

)
(80, 2303)

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

500

1000

1500

2000

2500  RDF
 anthracite
 mixture

 t (s)

(96, 102)

(122, 250)

 

 

SO
2 

(p
pm

)

(83, 2381)

(a) 900 °C (b) 800 °C 

Figure 8. SO2 emission curves at different temperatures. 
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There are organic sulfur and inorganic sulfur in coal, and the organic sulfur is the main part.
Compared with N in coal, the release of S is mainly affected by the thermal decomposition of salt,
which is not directly related to the existence form of C. The transformation process is as follows:

CaCO3 → CaO + CO2 (10)

CaO + SO2 → CaSO3 (11)

CaSO3 + O2 → CaSO4 (12)

In Figure 8a, during RDF combustion the SO2 released quickly and the maximum SO2

concentration was 69 ppm at t = 130 s at 900 ◦C, meaning that the SO2 formed mainly in the
devolatilization stage; during anthracite combustion, the SO2 released quickly and then formed
continually in the whole combustion process, and the SO2 concentration tendency corresponded to the
CO concentration curve; during co-combustion, in the first combustion stage, the SO2 concentration
was low, and in the char combustion stage the SO2 concentration was nearly the same as the separate
combustion of anthracite. In general, this constitutes the synergistic effect for SO2 formation when
anthracite combustion is added to RDF, and the SO2 yield and SO2 conversion were nearly equal to
the average values of separate combustion of RDF and anthracite.

In Figure 8b, during the separate combustion of anthracite and RDF at 800 ◦C, the tendency of SO2

formation curves were the same as at 900 ◦C. The maximum SO2 concentration formed later at 800 ◦C,
but the SO2 yield and SO2 conversion (as shown in Figure 9) were not influenced by temperature.
During the co-combustion at 800 ◦C and in the char combustion stage, the concentration of SO2

was lower than at 900 ◦C; this is because when the atmosphere temperature was 800 ◦C, the actual
temperature was higher than 800 ◦C, and the decomposition temperature of CaCO3 was 825 ◦C,
which could generate CaO and promote the reaction (11) and (12).
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Figure 9. SO2 emission yield and SO2 conversion at different temperatures.

3.3. Ash Characteristics

Figure 10 is the XRD analysis of fuels and different ashes. As shown in Figure 10a, Fe2O3, SiO2,
CaSO4, and CaCO3 were the main metal oxides in the anthracite and RDF, and SiO2 presented in
significant proportions in RDF. There were some new oxides in the ashes—CaAl2Si2O8, CaO. CaCO3

decomposed and then absorbed the SO2 released in the combustion process. At 900 ◦C, the diffraction
peaks of SO2 and CaAl2Si2O8 in the co-combustion ash was obvious, meaning that the ash existed
in the more stable forms, which could resist the diffusion of O2 and inhibit the oxidation reaction of
fuel-N, resulting in the decrease of NOx. Meanwhile, the diffraction peaks of CaSO4 and CaO in the
co-combustion ash were similar to the separate combustion of coal and RDF, and in the fixed-bed
experiment, the SO2 yield during co-combustion was nearly the same as the linear addition of the
separate combustion of anthracite and RDF. At 800 ◦C, the diffraction peaks of CaSO4 were more
obvious during co-combustion, which meant that more SO2 was absorbed in the form of CaSO4.
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4. Conclusions

(1) The combustion characteristics: The combustion process of RDF is dominated by devolatilization
and volatile matter combustion, whose ignition temperature is low and whose burn-out time is
short; the combustion process of anthracite is dominated by char combustion, whose ignition
temperature is high and whose burn-out time is long; in the early stage of co-combustion,
constituting the linear additive effect of the separate combustion of RDF and anthracite, the later
co-combustion stage constitutes the synergistic effect. It is feasible to use the mixture of RDF and
anthracite as an alternative fuel in the cement plant.

(2) The temperature effect on the co-combustion process: At 900 ◦C, the synergistic effect is obvious
in the char combustion stage, which could promote the combustion of anthracite and shorten the
burn-out time; at 800 ◦C, the combustion rate is low in the whole combustion process, and the
burn-out time of the co-combustion is nearly the same as the time of the separate combustion
of anthracite.

(3) NOx emission characteristics: During co-combution, at 900 ◦C, NOx released rapidly during
the devolatilization stage, but in the char combustion stage the NOx formation were inhibited;
at 800 ◦C, a large amount of CO formed, which could reduce the NOx. In general, at 900 ◦C and
at 800 ◦C, the application of co-combustion could lower the NOx emission yield and lower the
NOx conversion.

(4) SO2 emission characteristics: Combined the combustion characteristics and the XRD results,
it was indicated that during co-combustion, at 800 ◦C, the SO2 formation reaction was inhibited
by metal oxides, and the SO2 yield and conversion were quite low.
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