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ABSTRACT: This study investigated the evolution of furnace
conditions during the heat conversion process of multisource
organic solid waste. To achieve this, combustion tests involving
different sludge mixing ratios, variable load operation, and
multisource organic solid waste collaborative disposal were
performed on a 750 t/d new municipal solid waste incineration
grate furnace. The test results revealed that as the sludge mixing
ratios increased from 0 to 10 and 20%, the temperature level in the
furnace decreased and the fuel-type NOx emission increased.
Moreover, the sludge featured poor combustion stability under low-
load conditions owing to fluctuations in its calorific value and
moisture content. Field tests of multisource organic solid waste
revealed that after mixing waste cloth strips and papermaking waste,
the temperature level in the furnace increased. Additionally, the emissivity distribution was positively correlated with the furnace
flame temperature distribution, and NOx emissions also increased. The overall results indicated the feasibility of controlling the
mixing rate of different organic solid wastes in the municipal solid waste incinerator within a reasonable range for cooperative
incineration.

1. INTRODUCTION
The development of China’s economy and society has led to a
rapid increase in the output of organic solid waste from
residential and industrial sources.1−3 Traditional landfill and
stacking treatment methods require a large amount of land
resources and pose threats to both the ecological environment
and human health owing to the presence of toxic substances
such as heavy metals contained in solid waste.4−9 Moreover,
organic solid waste contains a high organic matter content, and
its resource-based disposal to alleviate environmental pollution
has become a vital treatment method. After incinerating
organic solid waste, its volume is reduced by 90%, its weight is
reduced by 80%, a large number of harmful substances are
dissolved during the incineration process, and the waste heat
energy generated through incineration is used for power
generation and heat supply.10−13 Therefore, incineration is the
most suitable waste treatment method.14−16

Currently, the incineration treatment industry mainly
focuses on municipal solid waste (MSW) incineration.
According to the 2022 National Statistical Yearbook, China
has 583 municipal solid waste incineration power plants, with a
daily incineration treatment capacity of 740,000 tons.17

However, the separate incineration of organic solid wastes
such as sludge and industrial solid waste (hazardous waste)

poses a high technical challenge. Moreover, the operation
results in the production of flue gas, leading to higher
operating costs and significant one-time investment costs.18−22

Chen et al.23,24 characterized coal gasification fine ash with
NaOH/HCl hydrothermal treatment and low-temperature
alkali fusion operation to realize the resource coal gasification
fine ash. Chen Wei25 investigated a municipal solid waste
incineration grate furnace with a capacity of 750 t/d and
analyzed the gas−solid combustion with different sludge
mixing ratios through numerical simulation methods. The
results revealed that with increasing mixing ratio, the
temperature of the furnace combustion area gradually
decreased and the NO generation decreased. A sludge mixing
ratio of 10% displayed a minimal effect on the combustion
process. Wang26 conducted experimental research on the
collaborative incineration of municipal solid waste and
industrial solid waste using a pilot test bench and selected
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textile solid waste and papermaking solid waste as
representative industrial solid wastes. The test results revealed
that the mixing of textile and papermaking wastes featured no
significant effect on the grate temperature and exhaust gas
temperature. Additionally, the flue gas pollutants featured low
emission levels, confirming the feasibility of mixing and
utilizing textile solid waste and papermaking solid waste.
Chen et al.27 investigated the change in the heavy metal
content of fly ash before and after mixing municipal solid waste
with 2% sludge and found that the heavy metal content in fly
ash increased after the addition of sludge.
The use of municipal solid waste incinerators to manage the

disposal of multisource organic solid waste meets the actual
demand for reducing, recycling, and safely processing solid
waste generated from both domestic and industrial sources.
Therefore, this study mainly focused on the experiments of
different sludge mixing ratios, operations under variable load
conditions after mixing sludge, and the mixing of multisource
organic solid waste in municipal solid waste incinerators. In
this study, a CCD camera and a spectrometer were used to
detect the combustion conditions in the furnace, to explore the
variations in combustion conditions in the furnace. This study
provides guidance for operating and regulating the collabo-
rative disposal of multisource organic solid waste in municipal
solid waste incinerators.

2. TEST SETUP
2.1. Municipal Solid Waste Incinerators. The municipal

solid waste incinerator (SGF-V) used in this experiment
featured a processing capacity of 750 tons/day, a grate length
of 9820 mm, a width of 14,400 mm, and a grate operating
speed of 9820 mm/h. The field test involved collecting
radiation intensity data from six different viewing holes of the
incinerator to comprehensively analyze the temperature
distribution and radiation characteristics in the incinerator
under various working conditions (Figure 1).
Among these viewing holes, the four measurement ports

(named #2, #3, #4, and #5) were evenly spaced on the back
wall, at an elevation of 15,295 mm. The other two measuring

ports were distributed on the left and right walls (#6 and #1) at
an elevation of 15,795 mm.
Based on this incinerator, a numerical simulation model was

established to simulate the process of waste coincineration
treatment using the coupled method of FLIC and Fluent.
Figure 2 shows the incinerator measurement point distribu-
tion; a total of nine temperature measurement points
(numbered 1−9) are arranged in the first flue of the grate
furnace.

Comparing the simulation data of pure municipal solid
waste combustion with the actual operation monitoring data
on-site, the data error of the simulation results is within 5%
(Table 1), which can better reflect the actual combustion
process in the furnace,28 and furthermore, we carried out the
field test work.
2.2. Test and Testing Equipment. Figure 3 shows the

test and detection device setup. A CCD camera and a
spectrometer were set up directly opposite the furnace at the
flame-viewing holes, and a high-temperature mirror rod was
equipped to obtain a larger field of view. The CCD camera

Figure 1. Municipal solid waste incinerator and test measurement
point layout drawing.

Figure 2. Measurement point layout drawing.

Table 1. Comparison of Measured and Simulated
Temperatures at the First Flue Measurement Point

measurement
point

measured temperature
(K)

simulated temperature
(K)

error
(%)

1 1265.09 1324.359 4.68
2 1303.99 1341.882 2.91
3 1320.65 1355.806 2.66
4 1267.82 1320.287 4.14
5 1272.92 1334.998 4.88
6 1289.8 1342.229 4.06
7 1285.18 1316.216 2.41
8 1347.08 1331.309 −1.17
9 1365.66 1339.927 −1.88
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model used in the test was MER2-231-41U3M/C. Addition-
ally, the spectrometer model used was AvaSpec-ULS2048CL-
EVO with a spectral wavelength range of 200−1100 nm and a
spectral resolution of 0.6 nm. Before conducting the test, the
calibration of the CCD camera and the spectrometer was
performed using a blackbody furnace to establish a relationship
between the response value of the equipment and the absolute
radiation intensity of the actual detection object. Figure 4
shows the original image of the flame at different sludge mixing
ratios.

3. MEASUREMENT PRINCIPLE
The radiation intensity of an object with wavelength λ,
temperature T, and blackness ε(λ) was calculated according to
Planck’s law

I T
hc

e
( , ) ( )
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( 1)hc kT

2

5 /=
(1)

where h is Planck’s constant; c is the speed of light; and k is the
Boltzmann constant. For radiation objects with temperatures
in the range of 800−2000 K and wavelengths in the range of
300−1000 nm, hc/λkT ≫ 1, the Wien displacement law was
used instead of Planck’s law

I T I T( , ) ( ) ( , )b= (2)

where Ib(λ, T) is the intensity of the monochromatic
blackbody radiation of the radiating object.
According to the gray judgment principle of the two-color

method, the spectral detection system was used to obtain the
two monochromatic radiation intensities I(λ, T) and I(λ + Δλ,
T) emitted by the radiation object from the same direction.
The intensities were classified into two to obtain
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where ελ represents the blackness of the radiation object at
wavelength λ and ελ+Δλ denotes the blackness of the object at
wavelength λ + Δλ. At a smaller Δλ, ελ/ελ+Δλ ≈ 1; the
temperature distribution can be calculated from the corre-
sponding monochromatic radiation intensity I(λ, T) and I(λ +
Δλ, T) ratio of λ and λ + Δλ
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After obtaining T, the ελ distribution can be calculated
through the comparison of the detected radiation intensity
with the blackbody intensity at the same T

I T
I T

( )
( , )
( , )b

=
(5)

If the calculated ε(λ) varies with wavelength, the radiation
object does not satisfy the gray hypothesis. The magnitude of
fluctuations in ε(λ) and T was assessed using relative mean
square deviation. The average temperatures, Ta and εa, can be
obtained using eq 6
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Figure 3. Flame detection device: (a) schematic and (b) field testing.

Figure 4. Original image of the flame: (a) 0% sludge; (b) 10% sludge; and (c) 20% sludge.
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where Ti is the calculated temperature for a set of wavelengths;
m is the number of wavelengths calculated; and εi is the
calculated blackness distribution.
The relative mean square deviation of σT and σε is calculated

using eqs 7 and 8, respectively. Additionally, if σε is <5%, the
radiation object can meet the gray body hypothesis in the
calculated wavelength band.
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After using the above-mentioned method to evaluate the
gray body hypothesis, for the flame image acquisition system, if
the wavelengths at the corresponding centers of CCD cameras
R and G meet the gray body hypothesis, the temperature
calculation can be performed according to the principle of the
two-color method.
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4. RESULTS AND DISCUSSION
According to the actual condition on-site, a part of the sludge
has been mixed in the incinerator for long-term collaborative
treatment. Sludge is characterized by its high moisture content,
low calorific value of combustion, high ash content, and high
heavy metal content.29−31 However, the actual blending

process was characterized by combustion instability, high flue
gas volume, and aggravated ash accumulation wear.32,33 To
explore the effect of sludge on furnace combustion, the sludge
mixing ratio and load size were adjusted, and the combustion
status was monitored after the sludge was mixed. Moreover, in
order to investigate the effect of collaborative treatment
involving multisource organic solid waste, an experiment was
conducted on the combustion of municipal solid waste
(MSW), sludge, waste cloth strips, and papermaking waste at
different blending ratios. This study provides guidance for

Table 2. Proximate and Ultimate Analyses of Multisource Organic Solid Waste Introduced into the Furnace

proximate analysis ultimate analysis

Mar (%) FCar (%) Var (%) Aar (%) Car (%) Har (%) Oar (%) Nar (%) Sar (%) Qd (kJ/kg)

MSW 55.48 11.25 24.91 8.36 60.26 6.83 29.12 2.4 0.47 7200
sludge 45 0.05 21.24 33.71 46.59 7.75 39.27 6.39 4748
cloth strips 10.82 11.5 76.66 1.02 53.88 6.3 38.34 1.26 0.11 17,500
papermaking waste 59 1.19 38.28 1.53 63.03 5.6 26.3 5.07 10,199

Figure 5. Temperature cloud diagram of furnace combustion under different sludge mixing ratios.

Figure 6. Average furnace temperature under different sludge mixing
ratios.
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operating and regulating the collaborative disposal of multi-
source organic solid waste using municipal solid waste
incinerators. The inspection data obtained from the municipal
solid waste incineration plant included both industrial and
elemental analyses of each material entering the furnace (Table
2).
4.1. Effect of Sludge Mixing on Furnace Combustion.

4.1.1. Effect of Different Sludge Mixing Ratios on Furnace
Combustion. To ensure a stable operation of the incinerator,

all test conditions were centralized for a specific time, and the
incinerator operated under normal conditions for the
remaining time. The materials introduced into the furnace
were mixed based on mass ratios, and the three groups of test
sludge featured mixing ratios of 0, 10, and 20%. With
increasing sludge mixing ratio, the temperature level under
the field of view of each viewing hole decreased (Figure 5).
During the test period, the average furnace temperature
decreased from 1240.25 to 1229.85 and 1219.25 K (Figure 6).

Figure 7. NOx emissions from combustion with different sludge
mixing ratios.

Figure 8. Temperature cloud diagram of furnace combustion mixed with 20% sludge under different loads.

Figure 9. Average temperature of furnace combustion mixed with
20% sludge under different loads.
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Therefore, the overall temperature level inside the furnace
slightly decreased as the sludge mixing ratio increased.
As the sludge mixing ratio increased, NOx emissions

increased (Figure 7). NOx was mainly classified into the fuel
type, thermal type, and fast type.34−36 Under the test

conditions, with increasing sludge mixing ratio, the furnace
temperature level decreased, and the generation of thermal-
and fast-type NOx decreased. The municipal solid waste and
sludge featured N contents of 2.4 and 6.39%, respectively. After
mixing sludge, the N content in the fuel increased, leading to
an increase in fuel-type NOx.
4.1.2. Effect of Sludge Mixing on Variable Load

Operation. The load adjustment experiment was performed
using the main steam flow as the observation standard. With
the rated evaporation capacity of the test boiler at 70 t/h as the
benchmark, the test condition was adjusted by ±10%. Thus,
the main steam flow of the load adjustment test was set to 63,
70, and 77 t/h. The temperature level in the furnace was
positively correlated with the load, and the overall temperature
in the furnace increased as the load increased (Figure 8). The
variation in the municipal solid waste calorific value and the
municipal solid waste aggregation caused uneven combustion,
resulting in localized temperature fluctuations. Moreover, after
the load test at 63 t/h was performed, the combustion
condition in the furnace deteriorated and the furnace
temperature became excessively low (Figure 9), which
significantly affected the stable operation of the boiler. To
ensure stable operation in the furnace, the load in the central
control room was increased. This indicated that the addition of
sludge hindered the combustion process in the furnace. This
was mainly attributed to the low calorific value and high

Table 3. Multisource Solid Waste Mixing Test

case test time experimental content

case 1 2023.3.19 09:00−10:00 MSW: sludge: cloth strips = 8:1:1
case 2 2023.3.19 14:00−15:00 MSW: sludge: cloth strips = 7:1:2
case 3 2023.3.21 09:10−10:10 MSW: sludge: cloth strips: papermaking waste = 7:1:1:1
case 4 2023.3.21 14:00−15:00 MSW: sludge: cloth strips: papermaking waste = 6:1:2:1

Figure 10. Temperature cloud of combustion with different multisource solid waste mixing ratios.

Figure 11. Average furnace temperature for combustion with different
multisource solid waste mixing ratios.
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moisture content of the sludge and the large heat consumption
for sludge drying during the combustion process, resulting in a
decrease in the furnace temperature level.
4.2. Experimental Exploration of Multisource Organic

Solid Waste Mixing.With the diverse types and properties of
organic solid wastes, the effects of various components of
organic solid waste on combustion and pollutant emission in
the furnace significantly varied. The actual mixing was
characterized by increased emission concentration of flue gas
pollutants and a poor comprehensive utilization effect.
Therefore, experimental research on the collaborative disposal
of multisource organic solid waste was conducted to investigate
the combustion effect and pollutant emission in the furnace.

This study provides guidance for operating and regulating the
actual multisource organic solid waste collaborative disposal.
The four sets of working conditions in this test are shown in
Table 3.
The analysis of the results from the four sets of tests revealed

that during the adjustment process of the mixing ratio (Figure
10), the temperature level for Cases 1 and 2 increased with
increasing mixing ratio of cloth strips. Additionally, this
temperature increase was observed in the field of view of
each flame-viewing hole. In case 3, the addition of paper-
making waste led to an increase in the temperature level under
the field of view of each flame-viewing holes. In case 4, with
increasing mixing ratio of cloth strips, the temperature level
under the field of view of each flame-viewing holes further
increased. Consequently, the overall temperature level in the
furnace gradually increased (Figure 11). The cloth strips and
papermaking waste exhibited high calorific values, and the
temperature level in the furnace increased during the actual
mixing process.
The waste cloth strips exhibited a higher calorific value than

that of the papermaking waste, while the overall temperature
level of the furnace in case 3 was higher than that of case 2
(Table 2). According to the on-site material conditions, the
waste cloth strips tended to entangle and agglomerate, while
papermaking waste was relatively broken and scattered.
Therefore, during the actual combustion process, the paper
waste burned more completely, leading to more efficient
combustion and higher furnace temperatures.
The emissivity distribution under different working con-

ditions was positively correlated with the furnace flame
temperature distribution (Figure 12). Thus, the overall
emissivity level in the furnace increased with the addition of
the waste cloth strips and papermaking waste. Under the same
working conditions, significant differences occurred in the

Figure 12. Emissivity cloud of combustion with different multisource solid waste mixing ratios.

Figure 13. NOx emissions from combustion with different multi-
source solid waste mixing ratios.
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emissivity levels at different positions within the furnace. This
reflects the uneven distribution of particulate matter
concentration in the furnace, indicating nonuniform material
and material layer distributions in the municipal solid waste
incinerator.
NOx emissions gradually increased from case 1 to case 4

(Figure 13). The waste cloth strips exhibited a N content of
1.26%, which is lower than that of municipal solid waste
(Table 2). As the mixing ratio of waste cloth strips increased,
the total N content of materials decreased, leading to a
reduction in the amount of fuel-type NOx generated. However,
as the temperature level of the furnace increased, the
generation of thermal-type NOx increased, leading to an
increase in the overall NOx generation. The papermaking
waste featured a N content of 5.07%, which was higher than
that of municipal solid waste. After mixing papermaking waste,
the total N content of the material increased, the fuel-type
NOx generation increased, the temperature level of the furnace
increased, and the thermal-type NOx generation increased.
Consequently, the overall NOx generation increased.

5. CONCLUSIONS

(1) With increasing sludge mixing ratio, the average
temperature of the furnace decreased and the NOx
emission increased. Moreover, the addition of sludge
affected the stable operation of the furnace under low-
load conditions. Before mixing, the sludge should be
properly dried and dewatered. To control pollutant
emissions and ensure the stable operation of the boiler,
the sludge mixing ratio should be maintained within a
reasonable range and not excessively high.

(2) After mixing waste cloth strips and papermaking waste,
the temperature level in the furnace increased and NOx
emissions also increased. Thus, the collaborative disposal
of organic solid waste with a high calorific value featured
a significant effect on the furnace temperature. Addi-
tionally, regarding mixing materials with agglomeration
and wrapping characteristics, crushing treatment can be
performed or the residence time of materials on the
grate can be appropriately increased to ensure their
complete combustion.

(3) The mixing rate of different organic solid wastes was
controlled within a reasonable range to prevent issues
such as excessive pollutant emissions and unstable
incinerator operation caused by excessive mixing rate.
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