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Excessive carbon-dioxide emissions drive global climate change and environmental challenges. Integrating
renewable biomass fuels with coal in power units is crucial for achieving low-carbon emission reductions.
Coal blending with bio-heavy oil enhances the combustion calorific value of the fuel, improves combustion
characteristics, and decreases pollutant emissions. This study found that bio-heavy oil with low sulfur
(0.073%), low nitrogen (0.18%), low ash, and high oxygen (11.005%) content exhibits excellent fuel
performance, which can be attributed to the abundant oxygen-containing functional groups (such as
C=0) in the alcohols, aldehydes, and ketones present in bio-heavy oil. Additionally, the residual
moisture in coal-blended bio-heavy oil reduces the fuel's calorific value. The calorific value increases
with a higher proportion of blended bio-heavy oil (28.1, 28.9, 32.1, 34.7, 40.6 MJ kg™Y). Experiments on
combustion flame shooting reveal that the combustion time of bio-heavy oils is significantly shorter than
that of coal. As the proportion of blended bio-heavy oil increases, the flame height increases. Coal
blending with bio-heavy oil involves three stages: water evaporation, volatile-matter decomposition,
fixed-carbon combustion and mineral decomposition. This advances the combustion process and
improves coal's ignition performance. Furthermore, the amount of gaseous pollutants (sulfur dioxide and
nitrogen dioxide) in coal mixed with bio-heavy oil is relatively low, which is in alignment with the green
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1. Introduction

The 75th session of the United Nations General Assembly
proposed the two-step goal of “carbon peaking and carbon
neutrality” in China. Peak CO, emissions are intended to occur
by 2030, and carbon neutrality is to be achieved by 2060." The
energy-intensive power industry is a major CO, emitter, and the
current energy consumption structure of coal power units is
dominated by coal.**® Coal emissions from China's primary
energy consumption account for approximately 80% of the
country's total emissions, with coal power units accounting for
50% or more of the coal consumption.”?® Coal power units serve
as China's electric power safety measure, ensuring stable
production of “ballast”, and are its basic secure power supply.
The depth of the peak power status is difficult to shake.*'
Therefore, development of a clean and low-carbon power
industry is an important part of realizing China's “carbon peak,
carbon neutral” goal.*>*?
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and strategic importance for developing high-efficiency, low-carbon, coal power units.

Biomass, which is an abundant renewable resource with low
sulfur and ash content, is the fourth largest energy source after
coal, oil, and natural gas, and occupies an important position in
the energy system.”*™* The biomass resources available for
development and utilization in China are estimated to be equiv-
alent to approximately 750 million tons of standard coal.*"
Biomass has a lower ash content (<10%) than coal (generally 10—
15%) and lower nitrogen content. Particularly, its sulfur content
(less than 0.4%) is much less than that of coal (0.5-1.5%)."®*° The
chemical energy released during biomass combustion can be
utilized to heat water and other media, producing low-carbon and
environmentally friendly steam.”*** Coal-biomass co-combustion
is regarded as a low-risk, low-cost, sustainable, and renewable
energy option that is promising for reducing CO,, SO,, and NO,
emissions.?>** Moreover, coal-biomass co-combustion allows for
truly low NO emissions and higher heat of combustion compared
to conventional coal combustion.>***

Large amounts of bio-heavy oil are constantly and simulta-
neously produced during biodiesel production, constituting an
inexpensive and readily available source.”**” Currently, the
annual production of bio-heavy oil in China is one million tons,
however, it is typically treated as industrial waste during
production. Bio-heavy oil, is an environmentally friendly and
carbon-neutral alternative fuel.”® It mainly comprises high-
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boiling alcohols, ketones, esters, and ethers of 0,-O;, with
a sulfur content less than 0.05%.>>*° This accounts for the
favorable fuel properties of bio-heavy oil, which has been re-
ported to possess a high calorific value for combustion, even
exceeding that of coal.*® Therefore, the use of bio-heavy oil as
fuel blended with coal not only helps reduce the CO,, SO,, and
NO, emissions generated during the combustion process but
also increases the combustion calorific value of the fuel,
reduces the ash content, and improves the combustion char-
acteristics of the fuel.*»*

This study employs a technology involving the blending of
coal with bio-heavy oil to increase the combustion calorific
value of the fuel, improve the fuel miscibility characteristics,
and reduce the emission of gaseous pollutants. The composi-
tion and content of coal and bio-heavy oil are analyzed, and the
effects of the blending ratio on the combustion calorific value
and miscibility characteristics (such as flame morphology,
ignition characteristics, combustion rate, and combustion
process) of coal and bio-heavy oil fuels are investigated.
Furthermore, the composition of gaseous pollutants in coal
blended with bio-heavy oil is analyzed using mass spectrometry
and a flue gas detector. Coal-blending biomass technology will
facilitate the transformation and upgrading of the energy
structure of coal power units, providing an effective route for
carbon reduction at the source in coal power units.

2. Materials and characterization

Coal powder was purchased from Hebei Shijiazhuang Mineral
Products Factory. And bio-heavy oil was provided by Sinopec
Qilu Petrochemical Company. The coal and bio-heavy oil were
thoroughly mixed in a mortar using the grinding method.

The organic element contents of coal and bio-heavy oil were
analyzed using an organic element analyzer (Elementar Vario
EL, Elementar, Germany). The organic matter from coal and
bio-heavy oils was determined using an industrial analyzer
(SX2-10-12N). The viscosities of bio-heavy oil and coal-blended
bio-heavy oil were measured using a high-temperature Brook-
field viscometer (NDJ-1F, Shanghai Qigao Instrument Co., Ltd,
China). The functional groups in the fuels were analyzed by
Fourier transform infrared spectroscopy (FTIR, Nicolet8700,
Thermo Fisher Scientific). The calorific values were determined
using a microcomputerized automatic touch calorimeter
(ZDHW-8E, Henan Hebixintianke Coal Quality Instrument Co.,
Ltd, China). The combustion flames of the fuels were captured
using a high-speed camera (AcutEye V4.0, Hunan Ketianjian
Photoelectric Techco. Co., Ltd, China). The combustion process
of the fuel was analyzed by thermogravimetry-derivative ther-
mogravimetry (TG-DTG, NETZSCH STA 449 F5, NETZSCH,
Germany). The composition and amount of gaseous products
released during the combustion of the fuels were detected using
thermogravimetry-mass spectrometry (TG-MS, TG (Hitachi
7300, Hitachi, Japan), MS (LC-D200M PRO)). The on-line flue
gas detection during fuel combustion was performed using
a flue gas analyzer (HP-GAS, Nanjing Hope Techco. Co., Ltd,
China) and a tube furnace (GSL-1500X-OTF, Hefei Kejing
Materials Techco. Co., Ltd, China).
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3. Results and discussion

3.1. Characterization of coal, bio-heavy oil and coal-bio-
heavy oil blend

The morphologies of coal, bio-heavy oil, and coal-bio-heavy oil
blend are presented in Fig. 1. Coal, with its small particle size of
1-2 pm (Fig. 1a—c), blends seamlessly with bio-heavy oil with
good fluidity, ensuring optimal combustion of the fuel mixture.
In addition, there is a big difference between the chemical
compositions of bio-heavy oil and coal, which affects the fuel
combustion process.”**** As shown in Table 1, bio-heavy oil
has lower sulfur (0.073%) and nitrogen (0.18%) contents and
higher oxygen (11.005%) content than coal. This contributes to
cleaner exhaust emissions and enhanced fuel performance.
Specifically, blending coal with bio-heavy oil helps reduce the
emissions of pollutants such as CO,, SO,, and NO,. As shown in
Table 2, the contents of moisture, ash, and fixed carbon in coal
are significantly higher than those of the bio-heavy oil, and the
volatile matter content in coal is significantly lower than that of
bio-heavy oil. Coal blending with bio-heavy oil diminishes the
ash content and reduces the waste residue, thereby elevating
the overall fuel utilization rate. The exceptionally low fixed-
carbon content of bio-heavy oil, recorded at a mere 0.97%,
stands in stark contrast to the value of 52.34% observed in coal.
Thus, bio-heavy oil ignites and burns more rapidly during
combustion, and the coal blending of bio-heavy oil is conducive
to improving fuel combustion efficiency. Additionally, bio-heavy
oil boasts a volatile matter content exceeding 90%, rendering it
highly combustible. It is worth noting that during the initial
stages of combustion, the volatile analysis of bio-heavy oil tends
to be larger. Under conditions of insufficient air and low
temperatures, this can lead to the generation of a flame with
black smoke, a crucial factor when conducting combustion
experiments.

The contrast in fluidity between coal and bio-heavy oil is
a pivotal aspect, with bio-heavy oil's blending significantly
improving its fluidity. In Fig. 2a, the viscosity of pure bio-heavy
oil is 1200 mPa s at room temperature. When coal is blended
with bio-heavy oil in a mass ratio of 1:1, the fuel exhibited
fluidity, and its viscosity becomes as high as 1800 mPa s.
Notably, temperature variations during combustion play
a crucial role in altering the molecular energy and, consequently

@

Intensity (%)
e

Fig.1 (a) Size distribution and (b and c¢) scanning electron microscopic
images of coal. The morphologies of (d) coal, (e) bio-heavy oil, and (f)
coal-bio-heavy oil blend are also presented.
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Table 1 Organic element content in coal and bio-heavy oil

Samples N (%) C (%) H (%) S (%) O (%)
Coal 1.16 65.11 3.853 0.625 9.676
Bio-heavy oil 0.18 77.06 9.824 0.073 11.005

the viscosity of the fuel. The impact of temperature is illustrated
as the blended fuel viscosity decreases significantly from 1800
to 300 mPa s from 20 to 40 °C. This phenomenon is attributed to
the increased energy of bio-heavy oil molecules, which inten-
sifies their movement. This reduces the intermolecular friction
and viscosity of the blended fuel. As the temperature further
increases to 100 °C, the viscosity of the blended fuel remains
essentially unchanged and is comparable to that of bio-heavy
oil.

Analyzing functional groups through FTIR, as depicted in
Fig. 2b, provides valuable insights into coal, bio-heavy oil, and
blends of coal and bio-heavy oil at different mixing ratios.
Absorption peaks at 2919 and 2852 cm™* for coal, bio-heavy oil,
and coal-bio-heavy oil blends correspond to alkane stretching
vibrations. Compared to coal, bio-heavy oil and coal-bio-heavy
oil blend exhibit a more pronounced stretching vibration peak
at 1739 em ™', corresponding to the C=0 bonds present in the
aldehydes or ketones within bio-heavy oil. Additionally, the
higher the proportion of bio-heavy oil doping, the more
significant the peak is. This is mainly because coal is a fossil raw
materials, which is a product obtained during the processing of
crude oil, and thus, has no oxygen-containing functional
group.***® While bio-heavy oil is a raw material obtained from
biomass processing and is enriched with oxygen-containing
functional groups, enhancing its combustion potential.*

Utilizing a micro-computerized automatic touch calorim-
eter, we probed the impact of both moisture content and
various bio-heavy oil blending ratios on the combustion calo-
rific value of the fuels. As can be observed in Fig. 3a, the calorific
values of the combustion of coal, bio-heavy oil, and coal-bio-
heavy oil blended fuels after drying at 120 °C for 24 h are
higher than those of the fuel without drying. The calorific values
of coal, dry coal, coal-bio-heavy oil, dry coal-bio-heavy oil, bio-
heavy oil, and dry bio-heavy oil fuel are 26.1, 28.1, 27.3, 28.9,
38.3,40.6 MJ kg ', respectively. This indicates that the moisture
residue reduces the calorific value of fuels, and fuels treated by
drying exhibit higher combustion calorific values.?” As shown in
Fig. 3b, the calorific value of coal blended with bio-heavy oil is
higher than that of coal. Moreover, the higher the ratio of coal
blended with bio-heavy oil, the higher the calorific value.
Specifically, the calorific values of the fuels are 28.1, 28.9, 32.1,
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Fig. 2 (a) Effect of temperature on the viscosity of bio-heavy oil and
coal blended bio-heavy oil, (b) Fourier-transform infrared spectra of
coal and coal-bio-heavy oil blends at different blending ratios.
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Fig. 3 Effect of (a) moisture and (b) bio-heavy oil blending ratio on the
calorific value of the fuels.

34.7,40.6 MJ kg™, when the mixing ratios of coal and bio-heavy
oil were 1:0,4:1,1:1, 1:4, and 0: 1, respectively. As seen in
Table 3, the calorific value of coal blended with bio-heavy oil is
higher than that of ordinary biomass such as wood chips.
Moreover, the higher the proportion of bio-heavy oil blending,
the closer the calorific value of the fuel is to that of
petroleum.*>*

3.2. Combustion characteristics of coal blended with bio-

heavy oil

To further analyze the effect of bio-heavy oil blending on the coal
combustion intensity, a high-speed camera was used to capture
the height and brightness of the combustion flame of the fuel at
a shooting speed of 500 fps and resolution of 1280 x 1024
(Fig. 4a). Fig. 4b-f show that fuel combustion can be divided into
three stages: initiation, steady combustion, and decay. In the
combustion process, the electric-resistance wire becomes a high-
temperature heat source. Upon heating, part of the fuel on the
silicon wafer heats rapidly and gradually, generating a flame
accompanied by black smoke. During the combustion experi-
ment, we found that the amount of black smoke produced when

Table 2 Industrial analysis of organic matter in coal and bio-heavy oil
Ash A (%) Volatile matter V (%)
Fixed carbon
Samples Moisture M,q (%) Aad Aq Vad Va Vdaf FCaq (%)
Coal 3.39 14.04 14.53 30.23 34.80 36.61 52.34
Bio-heavy oil 0.49 1.61 1.62 96.93 97.89 99.01 0.97
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Table 3 Comparison of calorific value of coal-blended bio-heavy oil fuel with that of other biomass or coal fuels

Coal blended bio-heavy

Samples Wood chips Coal Petroleum oil (this work)
Calorific value (MJ kg ™) 19.2 29 42 28.1-40.6
In the second stage, the volatile components of the bio-heavy
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Fig. 4 (a) Schematic diagram of the flame shooting device for fuels,
and (b— f) photographs of the combustion flame of coal-bio-heavy oil
at different blending ratios.
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coal was burned greater than that produced when bio-heavy oil
was burned. Clearly, coal remained almost unburnt (Fig. 4b),
whereas the bio-heavy oil burned vigorously (Fig. 4f), which is
mainly because the bio-heavy oil has abundant oxygen-containing
functional groups. The higher the blending ratio of bio-heavy oil,
the higher the combustion flame of the fuel would be (Fig. 4c-e).
In addition, the combustion time required for coal blended with
bio-heavy oil was lesser than that required for the combustion of
coal alone, which indicates that blending bio-heavy oil with coal
helps in the complete combustion of coal, thereby improving its
utilization.

TG-DTG characterization was used to analyze the combus-
tion process of the fuel.*® As shown in Fig. 5, the combustion of
bio-heavy oil and coal is divided into three stages: water evap-
oration, volatile matter decomposition, fixed-carbon combus-
tion, and mineral decomposition. As the fuel is dried in an oven
at 120 °C for 24 h prior to TG experiments, most of the moisture
is removed, therefore, the fuel weight loss in the first stage is
minimal (<5%). The weight loss of coal at this stage is higher
than that of the bio-heavy oils because of the higher moisture
content in coal (Table 2, Fig. 5a and c).

© 2024 The Author(s). Published by the Royal Society of Chemistry

oil continuously decompose with a gradual increase in tempera-
ture, and the chemical reactions between the volatile components
and oxygen accelerate with an increase in temperature. The
decomposition of volatile matter and combustion of fixed carbon
in bio-heavy oil specifically occur within the range of 250-520 °C,
whereas in coal, these processes are concentrated in the range of
300-600 °C. Three peaks occur at 343, 362, and 416 °C during the
combustion of bio-heavy oil, which are lower than the combustion
temperature of coal (532 °C). Obviously, the ignition temperature
of bio heavy oil is lower than that of coal, mainly due to the
stronger reactivity of oxygen-containing functional groups in bio-
heavy oil compared to alkanes in coal, making it easier to
decompose, oxidize, and burn. In addition, coal-blended bio-
heavy oil catches fire earlier compared to coal. This may be
because the thermal decomposition of substances such as alde-
hydes or ketones in bio-heavy oil generates a large number of
reactive free radicals which also promotes the decomposition of
alkanes in coal.** The DTG curve of bio-heavy oil is narrow and the
peak is high, indicating that the volatile release is intense and
concentrated, making it the most combustible. In comparison, no
obvious peak is observed in the volatile release during the
combustion of coal alone. The DTG peaks formed when a mixture
of bio-heavy oil and coal undergoes combustion similar to those
obtained in the case of bio-heavy oil alone, except that the peaks
are lower (Fig. 5b).

In the last stage, a portion of the fixed carbon in coal remains
unburnt, resulting in some residue, which is consistent with the
ash results in Table 2. In contrast, the bio-heavy oil leaves almost
no residue. The residual content of coal combustion (13.9%) is
much higher than that of bio-heavy oil combustion (0.01%), and
the residual content of coal mixed with bio-heavy mass is 7.7%.
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Fig.5 TG-DTG diagrams of the fuels. (a) coal, (b) coal : bio-heavy oil =
1:1, and (c) bio-heavy oil.
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These results show that after blending bio-heavy oil with coal, the
combustion characteristics of the coal and bio-heavy oil blend
gradually resemble those of bio-heavy oil. As the volatile compo-
nents of bio-heavy oil can be resealed at lower temperatures, the
volatile components and water contained in bio-heavy oil are
released to form differently sized gaps inside the fuel, which is
conducive to achieving full contact with oxygen.* Therefore, the
blending of bio-heavy oil can advance the coal combustion
process, thereby improving the ignition performance of coal.

3.3. Pollutant release characteristics of coal blended with
bio-heavy oil

Mass spectrometry was used to detect the composition and
content of the gaseous products released during the combus-
tion of bio-heavy oil and coal blended with bio-heavy oil (coal :
bio-heavy oil = 1:1), including the mass spectral curves of CO
(m/z = 28), NO (m/z = 30), O, (m/z = 32), CO, (m/z = 44), NO, (m/
z = 46), and SO, (m/z = 64).*" As shown in Fig. 6, the amount of
gaseous pollutants in bio-heavy oil after combustion is in the
order of CO > CO, > NO > SO, = NO,. The peak of CO, is
significantly higher than that of the other gases, mainly because
of the precipitation of organic matter and coke combustion in
the air. Similar to the mass spectral curve of CO,, the curve of
NO shows obvious peaks, whereas that of SO, and NO, do not
show obvious peaks, which is related to the low content of
nitrogen and sulfur in bio-heavy oil. This indicates that the SO,
and NO, emissions during the combustion of bio-heavy oil are
relatively low. Therefore, the blending of coal and bio-heavy oil
is expected to reduce the emissions of gaseous pollutants
during the combustion process.”” The content of gaseous
pollutants in coal blended with bio-heavy oil after combustion,
presented in Fig. 7, are also in the order of CO > CO, > NO > SO,
= NO,. Obviously, the emissions of NO, NO, and SO, during
the combustion of coal blended with bio-heavy oil are relatively
low, which is in line with the guidelines of green chemical
industries.
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Fig. 6 (a) Mass spectrometry results of gaseous pollutant emissions

from bio-heavy oil combustion. Mass spectral curves of (b) CO,, (c)
NO, and (d) NO, and SO..
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Fig. 7 (a) Mass spectrometry results of gaseous pollutant emissions
from the combustion of coal blended with bio-heavy oil. Mass spectral
curves of (b) O, (c) CO,, and (d) NO, NO,, and SO,.

Online flue gas detection during fuel combustion was
performed using a flue gas analyzer and tube furnace (Fig. 8a).
The fuel combustion (coal:bio-heavy oil = 1:1) was per-
formed in an air atmosphere, and the combustion tempera-
ture was increased from room temperature to 1100 °C at a rate
of 10 °C min~'. The gaseous pollutants’ composition and
concentration were monitored in real-time using a flue gas
analyzer. For safety considerations, the test was initiated by
opening the outlet valve of the tubular furnace when the
outlet pressure of the tubular furnace reached 0.05 MPa.
During combustion (Fig. 8b), the cumulative concentrations
of SO, were 127 (480 °C), 12 (810 °C), and 12 ppm (1100 °C),
respectively. The cumulative concentrations of NO, were 18
(480 °C), 0.1 (810 °C), and 0 ppm (1100 °C), respectively. The
results showed that the SO, and NO, gaseous pollutant
contents of coal blended with bio-heavy oil were relatively
low, making it green and environmentally friendly.
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Fig. 8 (a) Devices for combustion and flue-gas analysis. (b)

Combustion process of fuel (coal : bio-heavy oil = 1: 1) and analysis of
gas concentration.
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4. Conclusions

In this study, blending coal with bio-heavy oil was found to
increase the combustion calorific value of the fuel, improve the
fuel combustion characteristics, and reduce pollutant emis-
sions. As alcohols, aldehydes, and ketones in bio-heavy oils were
rich in oxygenated functional groups (e.g., C=0), the oxygen
content of bio-heavy oils was relatively high (11.005%), indi-
cating good fuel properties. In addition, moisture residues
reduce the calorific value of the fuel. The higher the percentage
of blended bio-heavy oil, the higher the calorific value of the
fuel. Specifically, the calorific values of the fuels were 28.1
(coal : bio-heavy oil = 1:0), 28.9 (4:1), 32.1 (1:1), 34.7 (1:4),
and 40.6 (0:1) MJ kg~ ". In addition, blending bio-heavy oil
resulted in an increased the flame height and enhanced the
ignition performance of the coal. The amounts of sulfur dioxide
and nitrogen dioxide gaseous pollutants when burning the
blend of coal and bio-heavy oil were relatively low, which was in
line with the green environmental protection requirements.
Biomass fuel-coal blending technology is of considerable
significance for the development of high-efficiency, low-carbon
coal-power units.
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