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a b s t r a c t

Coal-fired power generation resulted in a shortage of conventional fossil fuels and an increase in
greenhouse gas emissions. The co-firing of coal and biomass waste in coal-fired boilers was a promising
strategy to supplement the energy source and reduce greenhouse gases. However, the co-firing mech-
anism and potential problems were not well understood. Therefore, the differences between coal and
biomass in properties such as proximate and ultimate composition, components in ash and the calorific
value were first discussed. Next, compared with the combustion of coal alone, this review analyzed the
discrepancies and corresponding issues of co-firing in combustion behaviors and products such as ash
and gaseous pollutants. Finally, this review outlined how operational conditions could affect the co-firing
performance.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Tsinghua University Press. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the continuous development of social economy and the
continuous emission of CO2, the global warming caused by the
greenhouse effect is threatening the eco-system. Therefore, in
response to global climate change, the Paris Agreement was
adopted at the Paris Climate Conference in 2016 (United Nations,
2016). To achieve the targets of the Paris Agreement, China
pledged to make efforts to reach the pinnacle of carbon emissions
by 2030 and attain carbon neutrality by 2060 at the 75th United
Nations General Assembly on September 22, 2020 (Zhang et al.,
2021). Although the proportion of coal consumption in total en-
ergy consumption decreased from 62.2% in 2016 to 56.8% in 2020
(see Fig. 1), it can be seen that coal is still the main energy con-
sumption resource in China (National Bureau of Statistics, 2021).
According to the Annual Development Report of Power Industry for
ier B.V. on behalf of Tsinghua Univ
China 2021, at the end of 2020, the total installed capacity of power
generation in China was 220.204 million kilowatt hours, and the
installed capacity of coal power generation was 107.912 million
kilowatt hours, accounting for 49% of the total installed capacity of
power generation. The result showed that coal was also the largest
energy consumption resource in power industry (China Electricity
Council, 2021). At a global level, due to the development of clean
energy resource in power industry, the share of coal-fired power
generation had already decreased by 3% and 4.6% in 2019 and 2020,
respectively. However, the share of global coal-fired power gener-
ation stared to increase in 2021, resulting from raising gas prices in
the United States and Europe and increased economic activity in
China (IEA, 2021). In summary, the power industry urgently needs
to seek for clean energy resources to partially replace coal in order
to alleviate the problems caused by the large amount of CO2
emissions resulting from coal combustion.

Biomass is regarded as an alternative clean energy resource. The
utilization of biomass to partially replace coal for power generation
can not only reduce CO2 emissions, but also even achieve negative
CO2 emissions by combining carbon capture technology (Liu et al.,
ersity Press. This is an open access article under the CC BY-NC-ND license (http://
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Fig. 1. The share of coal in total energy consumption for the period 2016 to 2020 in
China (China Electricity Council, 2021).
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2022b; Spiegl et al., 2021). Many studies also found that co-firing of
coal and biomass was conducive to reducing the emissions of other
pollutants such as CO, NOx, SO2 and PM2.5 (Gungor, 2013; Jiang
et al., 2022; Zhang et al., 2020). Besides the theoretical validation
of numerical simulations and experimental research, the fact that
the co-firing of coal and biomass causes reduction of partial
pollutant emissions was proved by practice. In 2018, the Notice on
the Construction of Pilot Projects for Coal Fired Biomass Power
Generation Technology Transformation jointly issued by the Na-
tional Energy Administration and the Ministry of Ecology and
Environment announced 84 pilot projects. The main technologies
used in these projects were the direct co-firing of coal and dried
sludge, and the indirect co-firing of coal with gasification products
from biomass waste from forestry and agriculture. A 72-h trial run
for a 640 MW supercritical coal-fired plant was successfully
accomplished. According to the estimates, the project would reduce
coal consumption of roughly 20,000 tons annually, and result in a
reduction of 159, 175 and 40,000 tons per year in SOx, NOx and CO2
emissions, respectively. Obviously, the project significantly reduced
gaseous pollutant emissions (National Energy Administration,
2018).

With continuous consumption of coal, the global coal reservoirs
are declining. Biomass energy can lighten the energy crisis caused
by the consumption of non-renewable energy (Saleem, 2022).
Apart from a few countries with high levels of hydropower such as
Norway, Canada, New Zealand and Switzerland, biomass power
generation is the mainstream alternative in most countries (IEA
Bioenergy, 2022). For example, China is also rich in biomass en-
ergy storage. From 2010 to 2019, the total biomass energy from
terrestrial ecosystems was estimated to be 535.91 � 1018 J, equiv-
alent to 18.29 Gt standard coal. The total biomass from forest eco-
systemswas themost abundant, which has the greatest potential to
partially replace coal (Yan et al., 2020) (see Table 1). Facing the huge
Table 1
Biomass energy and standard coal equivalent in different terrestrial ecosystems in
China from 2010 to 2019 (Yan et al., 2020).

Type of terrestrial ecosystem Biomass energy (EJ) Standard coal (Gt)

Forest 434.83 14.84
Grassland 87.48 2.98
Cropland 13.6 0.46
biological energy resources, it is imperative to utilize biomass
waste to meet the energy demand and alleviate environmental
pollution caused by coal combustion for power generation.

Currently, most power generation devices are designed for coal
combustion, and it is rare to find boiler designed for biomass alone.
To fully utilize the existing coal power generation devices with the
least retrofitting, co-firing of coal with biomass waste is the most
feasible option. In addition, compared with pure biomass com-
bustion power generation, co-firing technology of coal and biomass
has higher power generation efficiency, lower equipment and
operating costs, high flexibility of different biomass (Xu et al.,
2020). Despite the fact that co-firing of coal and biomass has
several benefits, adding biomass to coal-fired boilers will inevitably
result in a number of different phenomena from combustion of coal
alone, because the existing coal-fired boilers are specifically
designed for coal combustion. Numerous studies about experi-
ments and numerical simulations have been conducted to inves-
tigate co-firing (see Table 2). Although some of the above studies
have proved the feasibility of co-firing of coal with biomass at the
laboratory experimental level, the phenomena of co-firing tend to
be more complex in industrial boilers than in small experimental
reactors. For example, with the increase of biomass loading, the
temperature tends to decreasewith the height of thewhole furnace
for experimental reactors. However, in a 260 t/h circulating fluid-
ized bed (CFB) industrial boiler, with the increase of biomass
mixing ratio, when the height increase the temperature increased
at the upper part of the furnace due to more volatiles in biomass,
while the temperature decrease at the bottom of furnace due to
lower calorific value of coal and biomass mixture (Liu et al., 2012).

Additionally, it is critical to comprehend the potential issues that
could result from the co-firing of biomass in coal-fired boilers. The
risks of unit shutdown caused by the co-firing of coal and biomass
can be avoided or reduced with the increased understanding of the
co-firing process. Knowledge of biomass properties will facilitate
understanding of complex co-firing challenge in existing coal-fired
boilers. Biomass is graded as a very low-rank fuel. Compared to
coal, biomass has high moisture, ash, O-content and low calorific
value. Properties of biomass vary significantly due to the wide
range of biomass types, which lead to different retrofitting of
equipment and adjustment of operating conditions when switch-
ing to different biomass in co-firing with coal. During the co-firing
of coal and soybean straw, which has high ash content, CO2 emis-
sionwas reduced by increasing the amount of biomass. However, as
the ratio of biomass in the mixture increases, the increased ash
content began to melt and stick to the equipment. To reduce the
adhesion of ash to equipment, it is necessary to spray smooth
material to equipment and seek the appropriate operating condi-
tions such as suitable blending ratio of biomass (Yao et al., 2020a).
Priyanto et al. (2017) reported that the co-firing of coal and wood in
a 150-MW class pulverized-coal boiler was more likely to cause the
corrosion of the boiler heat-transfer tubes inside furnace wall than
the combustion of pure coal. Measurements for compounds con-
tents of the deposits in the tubes revealed that the co-firing
generated two to three times more potassium sulfate and sodium
sulfate than combustion of coal, which was likely to be the reason
of the corrosion in the tubes. Moreover, the co-firing yielded more
unburned carbon in furnace wall, which demonstrated the pres-
ence of a strong reducing atmosphere. The results indicated that
the boiler heat-transfer tubes required anti-corrosion coatings to
reduce corrosion and the furnace demanded to increase air flow for
reduction of unburned carbon.

The aim of this review is to minimize the negative effects of co-
firing of biomass with coal in coal-fired boilers. Firstly, the dis-
tinctions between coal and biomass are described. Next, the dif-
ferences between pure coal combustion and the co-firing of coal



Table 2
The different phenomena between co-firing of coal and biomass and combustion of coal in experiments and numerical simulations.

Method Theme Phenomena Refs

Experiment Ash slag characteristics The ash particles formed from co-firing coal with each
of the two types of biomass are more prone to
agglomerate and slag compared to the ash particles
formed from burning coal alone.

Mu et al. (2022)

Experiment Co-firing characteristics Compared to burning coal alone, the ignition
temperature and burnout temperature are lower when
coal co-fired with two types of biomass, separately.

Liu et al., (2022b); Sakthivel et al. (2018)

Experiment NOx emission Compared to burning pure bituminous coal, adding
spent coffee grounds for co-firing with bituminous coal
reduce NOx emissions.

Garcia et al. (2022)

Experiment SO2 emission When lignite or bituminous coal are co-fired with
cedarnut shell, compared to burning coal alone, co-
firing cedarnut shell with lignite does not reduce SO2

emissions. However, co-firing cedarnut shell with
bituminous coal reduces SO2 emissions.

Jerzak et al. (2018)

Numerical simulation CO2 emission Compared to burning coal alone, adding 20% biomass
for co-firing with coal can reduce CO2 emissions. Mikulcic et al. (2019)

Numerical simulation NO emission As the mass ratio of biomass increases, the NO from the
co-firing of coal and biomass keeps decreasing. Yang et al. (2021b); Zhou et al., (2020a)

Numerical simulation NO and SO2 emission As the mass ratio of dried sawmill sludge increases, the
NO and SO2 produced by co-firing Longyan anthracite
and dried sawmill sludge also increase.

Zhang and Zeng (2019)

Numerical simulation NO emission co-firing Compared with pure coal combustion, the co-firing of
wheat, corn or cotton straw with coal produces less NO,
with wheat straw co-firing with coal producing the
least NO.

Li et al. (2020)

L. Liu et al. / Circular Economy 2 (2023) 100063 3
and biomass are considered. The potential issues arising from co-
firing are also presented. Finally, some solutions such as torre-
faction for the above issues are offered.

2. Comparison of coals and biomasses

According to the classification standard of coal, coal can be
divided into lignite, bituminous coal and anthracite by the content
of parameters of coalification degree such as volatile matter based
on dry ash-free basis (daf). The volatile matter (for example, daf) of
lignite is the highest and that of anthracite is the lowest
(Standardization Administration, 2009). There are many different
types of biomass, and up until now there has not been a standard
classification for biomass. Biomass can be categorized into the
following groups based on its characteristics (Jenkins et al., 1998):
ligneous biomass (herbs and other annual plants (straw, grass,
leaves, etc.)); agricultural by-products and waste (shells, kernels,
etc.); refuse derived fuel; and other wastes (municipal sludge, etc.).
The primary components of coal and biomass are fixed carbon,
volatile matter, water, and ash. The primary elements of coal and
biomass are C, H, O, N, and S. The calorific value of coal and biomass
depends on the content of C, H, and O. Compared to coal, biomass
has a lower calorific value because it contains more oxygen and less
carbon (Given et al., 1986). The fundamental reason is that CeO
bonds have lower energy than CeC bonds. The presence of N and
S in coal and biomass has been linked to the formation of NOx and
SOx (Munir et al., 2009; Tao et al., 2012). The amount of slagging and
fouling in the furnace is influenced by the ash content, which has an
impact on combustion efficiency and operation stability (Li et al.,
2021). As a result, it is critical to conduct the ultimate, proximate,
and ash analysis to study co-firing phenomena in accordance with
the aforementioned classification of coal and biomass. This infor-
mation is essential for determining any potential issues resulting
from the co-firing of coal and biomass, as well as for assisting power
plants to select proper coal and biomass.

Table 3 shows that the proportion of fixed carbon in some coal is
high, up to 70%. An evident difference between coal and biomass
from the proximate analysis is that coal has much higher fraction of
fixed carbon, which leads to longer combustion time when firing
coal compared with firing biomass. Generally, the content of fixed
carbon in all types of coal is above 30%, and that of the fixed carbon
in all types of biomasses is below 20%. It can be observed from the
ultimate analysis that a distinct feature of biomass is the high O
content. For example, the O fraction is up to 68.13% in waste wood.
In general, the content of N and S in coal is much higher than that in
biomass. The main ash component in coal and biomass is SiO2. In
addition, the main ash components of biomass are CaO and K2O,
while the main ash component of coal is Al2O3. These various
components in ash can affect the extent of slagging. However, these
effects are extremely complex and vary depending on conditions
such as temperature, pressure, and oxygen concentration. There-
fore, it is necessary to conduct specific experiments to determine
how different ash components affect slagging. Apart from elements
and components, the higher heating values of fuels are also
significantly important for firing, which indicated the amount of
heat released after coal and biomass are completely combusted. It is
noteworthy that the higher heating values include the released
heat of water vapor condensation. In Fig. 2, the higher heating
values of coals are higher than that of biomasses, which demon-
strates coals provide more heat than biomasses. Thus, coal is more
superior to biomass as a fuel.

In addition, the proximate, ultimate and ash analysis of different
biomass are quite different. The main composition of most biomass
is volatile matter, with a content of about 70%. However, a few
exceptions such as sludge and waste wood showed lower volatile
matter (~40%) due to the richness of ash (~40%). The main elements
of different biomass are C and O, with relatively low contents of N
and S. However, the proportion of N and S in different biomass can
differ by several orders of magnitude. For example, the N content in
walnut wood is about 4%, while that in poplar wood is about 0.3%.
While durian shell only contains 0.01% of S, printing and dyeing
textile sludge contains roughly 3% of S. The content of CaO and K2O
in the ash of the most ligneous biomass is the highest. The content
of SiO2 and K2O in the ash of the most herbaceous biomass is the
richest. SiO2 is the main ash component of rice husk which ac-
counts for 80%e90%. The ash compounds of garbage derived and



Table 3
Approximate, ultimate and ash analysis of coals and biomasses (M ¼ moisture; A ¼ ash; V ¼ volatile matter; FC ¼ fixed carbon).

Analysis of coals

Lignite

Location Barsingsar, India Suruka, India SLPP, India Kasimkota Turkey Wenlan,
China

Xiaolongtan,
China

Wuchang,
Hubei, China

Zhundong, Xinjiang
Uygur Autonomous
Region, China

Approximate analysis (wt%, ad)
M 7.9 9.1 14.7 13.5 16.4 1.82 13.90 6.80 16.40
A 24.6 39.9 16.5 9.6 42.0 26.30 15.08 39.25 25.00
V 35.7 29.3 37.3 38.4 33.6 32.89 39.53 25.15 3.24
FC 31.8 21.7 31.5 38.5 8.0 38.99 31.49 28.80 55.36
Ultimate analysis (wt%, ad)
C 47.40 32.31 49.75 56.50 28.50 60.75 46.56 39.91 65.69
H 3.80 2.63 3.66 3.50 1.50 4.56 3.72 2.98 3.13
O 47.00 58.62 44.76 38.50 65.70 2.96 17.90 10.29 9.81
N 1.30 1.07 0.63 1.20 1.00 1.23 1.38 0.28 1.30
S 0.50 5.37 1.20 0.30 3.30 2.38 1.46 0.49 0.43
Components of ash (wt%)
SiO2 43.7 43.5 41.7 45.5 34.2 55.82 21.13 66.74 26.10
Al2O3 39.1 28.8 14.4 29.7 13.3 10.28 13.32 16.88 32.70
Fe2O3 0.8 2.3 14.0 1.5 5.7 5.97 9.58 4.07 4.59
TiO2 0.8 2.3 0.9 3.3 0.6 e e 6.57 0.25

CaO 6.1 3.9 18.4 14.4 22.9 5.50 39.16 1.50 3.05
MgO 2.1 0.7 3.2 4.1 2.9 4.80 2.34 0.72 0.55
Na2O 2.3 0.4 1.5 0.4 0.5 5.71 0.27 0.56 5.73
K2O 0.1 0.2 1.0 0.3 0.8 1.12 0.96 4.30 0.49
SO3 0.2 2.8 4.8 e 17.5 2.42 e e 16.21

P2O5 e e e e e e 0.07 e 0.11

Reference Selvakumaran and Bakthavatsalam (2015) Zhao et al. (2013) Zhou et al. (2020b) Guo et al. (2019) Wang et al. (2017)

Bituminous coal

Location Illinois, USA Utah, USA Sufco, Utah,
USA

China China China China Shuozhou, Shanxi,
China

Datong, Shanxi,
China

Approximate analysis (wt%, ad)
M 9.65 3.18 6.11 3.54 2.64 6.7 2.5 2.4 6.20
A 7.99 8.83 8.36 30.38 18.45 14.8 9.0 29.5 19.15
V 36.78 38.6 38.49 33.27 30.84 32.2 30.6 24.4 29.26
FC 45.58 49.36 47.04 32.81 48.07 46.3 57.9 43.7 45.39
Ultimate analysis (wt%, ad)
C 64.67 70.60 67.87 46.81 51.40 64.1 75.4 57.1 59.70
H 5.59 5.41 5.45 3.64 2.80 4.3 4.3 3.83 3.62
O 16.65 13.21 16.87 12.69 7.35 8.2 7.3 4.15 9.91
N 1.12 1.42 1.09 2.72 0.73 0.8 1.3 1.14 1.04
S 3.98 0.53 0.36 0.22 2.29 1.1 0.2 1.88 0.39
Components of ash (wt%)
SiO2 49.28 60.89 46.85 57.51 53.32 52.5 50.07 45.81 50.40
Al2O3 17.66 14.52 8.34 28.30 29.98 19.4 20.65 40.92 34.60
Fe2O3 14.57 5.09 5.25 1.94 5.66 4.2 7.34 0.98 1.56
TiO2 0.85 0.88 0.64 e e e e e 1.25

CaO 1.87 6.11 18.21 2.25 5.29 11.9 10.62 0.12 6.31
MgO 0.98 1.39 2.84 2.19 1.04 0.9 1.63 0.06 0.23
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Na2O 1.51 1.41 3.09 4.25 0.47 3.4 2.81 0.47 0.10
K2O 2.26 0.57 0.33 1.11 0.40 1.9 1.25 0.04 0.44
SO3 2.22 2.33 5.96 1.60 e 2.4 1.57 4.65 2.40

P2O5 0.11 0.59 0.01 0.85 e 3.4 2.57 0.11 e

MnO 0.02 0.02 e e e e e e e

MnO2 e e 0.05 e e e e e e

Al2O2 e e e e 29.98 e e e e

S e e e e 0.67 e e e e

Cl e e e e e e 1.46 e e

Reference Yu et al. (2011) Liu et al.

(2020b)

Xu et al. (2014) Yin et al. (2012) Wu et al. (2019) Li et al. (2022b) Wang et al. (2015) Li et al. (2017)

Bituminous coal Anthracite

Wucaiwan,
Xinjiang Uygur
Autonomous
Region, China

Zijin, Xinjiang
Uygur
Autonomous
Region, China

Huangling,
Shanxi, China

Korea Jingcheng, Shanxi, China

Approximate analysis (wt%, ad)
M 13.05 14.30 3.80 2.0 2.23 1.83 4.00 2.29 1.17
A 6.30 3.52 11.02 4.7 20.10 22.0 30.24 17.85 17.40
V 26.39 28.42 32.10 3.8 8.46 7.52 6.72 8.11 9.08
FC 54.26 53.76 53.08 89.5 69.21 68.45 59.04 72.00 72.35
Ultimate analysis (wt%, ad)
C 65.77 64.77 67.97 89.9 65.81 66.95 59.35 71.27 73.31
H 2.77 3.72 4.22 1.1 3.25 2.61 2.56 3.025 2.87
O 10.96 12.34 11.69 7.8 6.72 4.98 1.29 4.95 3.39
N 0.49 0.77 0.83 0.8 0.94 0.80 0.72 0.92 1.07
S 0.66 0.58 0.47 0.4 0.95 1.23 1.84 0.86 0.79
Components of ash (wt%)
SiO2 17.08 15.90 38.60 49.2 52.5 54.19 44.23 52.94 47.00
Al2O3 6.99 11.67 20.60 35.6 29.0 27.91 36.04 29.31 33.55
Fe2O3 11.60 20.33 10.60 0.8 4.44 4.23 5.27 4.03 7.99
TiO2 0.61 1.56 e 0.5 1.05 0.97 0.25 1.07 0.85

CaO 27.53 15.26 16.00 8.0 5.18 4.87 2.99 4.94 5.16
MgO 7.42 3.04 1.94 2.5 1.12 1.08 0.55 1.67 1.60
Na2O 6.08 12.77 0.73 2.4 1.25 1.89 5.73 1.19 0.46
K2O 0.46 0.63 1.94 0.1 1.87 1.84 0.49 1.55 0.38
SO3 21.65 15.10 7.77 3.1 1.97 2.09 16.21 2.32 2.92
P2O5 e e e e 0.254 0.25 0.11 0.78 e

Cl e e 0.02 e e e e 0.15 e

Reference Wang et al. (2019) Lv et al. (2022) Selvakumaran and

Bakthavatsalam
(2015)

Jing et al. (2016) Lu et al. (2018) Wang et al. (2017) Yao et al. (2020b) Xie et al. (2021)

Analysis of biomasses

Ligneous materials

Candlenut wood Poplar Wood of
P. orientalis

Incense sticks Waste wood Pine sawdust

Approximate analysis (wt%, ad)
M 9.90 2.42 2.5 7.91 0.52 10.09 7.89 2.06 3.45
A 1.40 0.59 2.1 14.53 44.99 0.71 0.71 0.99 1.98
V 74.23 82.13 83.3 71.86 45.94 76.83 77.67 82.90 76.50

(continued on next page)
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Table 3 (continued )

Analysis of biomasses

Ligneous materials

Candlenut wood Poplar Wood of
P. orientalis

Incense sticks Waste wood Pine sawdust

FC 14.47 14.86 12.1 5.70 8.54 12.37 14.34 14.05 18.07
Ultimate analysis (wt%, ad)
C 43.64 47.08 45.7 36.54 28.08 49.61 49.55 50.78 52.01
H 5.04 6.38 5.3 4.90 3.42 5.7 6.11 5.83 5.40
O 35.94 43.01 41.3 35.59 68.13 44.47 41.08 39.68 41.97
N 4.04 0.28 0.5 0.40 0.37 0.19 0.25 0.10 0.13
S 0.04 0.04 0.0 0.12 e 0.01 0.33 0.56 0.02

Components of ash (wt%)
SiO2 19.23 5.69 4.50 3.04 71.06 12.68 12.83 11.87 11.9
Al2O3 4.16 2.14 2.35 0.76 7.95 2.74 3.53 5.90 2.43
Fe2O3 6.36 1.58 0.73 2.54 6.69 2.46 2.79 5.08 2.45
TiO2 e 0.12 e 0.09 0.37 0.24 0.067 e 0.22

CaO 25.28 43.90 57.62 60.80 5.86 35.91 36.86 41.78 36.78
MgO 3.98 3.69 5.61 22.25 1.20 12.66 6.05 7.35 12.98
Na2O 1.41 2.67 1.98 2.10 1.01 2.93 3.04 e 3.04

K2O 17.09 33.74 12.16 e 1.99 21.39 11.12 3.91 22.65

SO3 0.51 6.47 5.81 1.57 0.76 3.24 12.08 5.47 2.89
P2O5 1.84 e 8.28 0.40 1.79 5.09 7.41 1.32 4.19

Cl 0.138 e 0.88 0.726 e 0.24 1.53 e 0.2

Cl2O e e e e 0.57 e e e e

Cr2O3 e e e e 0.53 e e e e

MnO e e e e 0.14 e e e e

CuO e e e e 0.03 e e e e

ZnO e e e e 0.04 e e e e

Reference Deng et al. (2013) Wang et al.

(2021b)

Li et al. (2022b) Wen et al. (2021) Yang et al. (2022) Jing et al. (2016) Yao et al. (2020b) Liu et al. (2021) Lu et al. (2018)

Herbs and other annual plants

Rice straw Wheat straw

Approximate analysis (wt%, ad)
M 2.89 8.38 7.00 1.51 6.55 6.82 7.70 9.89 7.66
A 14.61 12.53 14.18 11.31 8.54 11.39 6.28 5.22 9.93
V 64.8 64.74 70.58 69.09 73.49 68.17 69.49 68.39 74.4
FC 17.7 14.35 8.24 18.09 11.42 13.62 16.53 16.50 15.67
Ultimate analysis (wt%, ad)
C 49.13 38.54 37.63 42.66 41.02 39.48 40.71 45.55 37.52
H 5.54 4.15 5.47 5.68 3.83 4.94 4.59 5.70 4.33
O 26.13 35.56 34.79 37.37 38.06 36.22 40.31 46.53 39.68
N 1.27 0.65 0.77 1.03 1.72 1.05 0.18 1.32 0.64
S 0.43 0.19 0.16 0.44 0.28 0.10 0.23 0.15 0.23
Components of ash (wt%)
SiO2 58.81 66.47 36.45 38.60 43.71 43.58 38.44 30.09 31.30
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Al2O3 0.34 e 3.02 1.69 1.96 4.11 1.32 1.67 1.30

Fe2O3 0.52 e 0.59 e 0.58 0.34 0.93 1.01 0.60

TiO2 e e e e e e e 0.15 e

CaO 3.89 2.69 8.48 5.56 7.89 2.54 7.99 4.80 10.10
MgO 2.74 1.15 e 5.12 6.90 2.13 2.71 5.09 3.95

Na2O 0.74 0.60 e 0.996 3.47 2.93 0.83 13.24 0.35

K2O 20.45 17.21 30.54 15.53 19.53 29.44 27.86 32.60 34.30
SO3 3.09 2.59 1.611 2.93 4.18 e 8.51 3.45 8.31

P2O5 2.08 0.68 0.27 3.20 2.75 1.58 1.46 7.72 e

Cl 5.63 0.612 e e 6.73 e 0.783 1.97 4.54

MnO e e 1.08 e 1.80 e e e e

Reference Wang et al. (2020) Deng et al.

(2013)

Mostafa et al.

(2021)

Liu et al. (2021) Liu et al. (2022b) Jun et al. (2020) Deng et al. (2013) Jing et al. (2016) Lv et al. (2022)

Cotton stalk Green leaf Yellow leaf Water hyacinth

Approximate analysis (wt%, ad)
M 2.24 2.46 9.19 9.75 3.41 10.08 3.9 5.5 9.95
A 3.62 3.38 3.51 6.40 5.44 7.45 8.0 8.1 17.4
V 72.82 74.65 69.56 67.59 76.47 65.38 75.1 73.3 56.30
FC 21.32 19.51 17.74 16.26 14.68 17.09 13.0 13.1 16.35
Ultimate analysis (wt%, ad)
C 47.50 47.69 43.10 41.68 44.67 43.51 46.7 46.7 36.62
H 5.92 5.96 4.62 4.41 5.99 5.69 6.0 5.8 5.28
O 44.89 45.23 38.43 36.55 38.18 31.42 33.4 33.1 27.49
N 0.64 0.49 0.96 0.98 0.45 1.54 1.8 0.6 3.01
S 0.79 0.63 0.19 0.23 0.168 0.31 0.3 0.2 0.25
Components of ash (wt%)
SiO2 11.99 11.09 3.60 35.92 38.06 53.37 18.97 21.53 0.41
Al2O3 8.03 8.24 1.11 2.81 6.63 2.94 e 0.65 0.18

Fe2O3 0.88 0.85 e e 3.00 1.46 1.73 1.17 0.10

TiO2 e e 0.12 0.12 0.30 0.16 e e 0.01

CaO 22.54 22.15 18.75 6.89 10.36 7.17 46.87 50.62 0.23
MgO 6.98 7.02 7.52 4.38 8.33 4.06 0.6 4.51 e

Na2O 3.62 3.59 2.92 0.58 1.43 0.86 e e 0.18

K2O 24.90 29.17 31.08 30.44 13.55 1.61 13.67 5.87 14.11
SO3 4.12 3.96 6.32 5.04 6.95 1.49 11.1 6.58 e

P2O5 6.82 5.91 2.01 0.82 1.17 e 6.36 2.46 0.35

Cl e e 0.558 0.540 e 3.10 0.12 0.13 e

(continued on next page)
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Table 3 (continued )

Cotton stalk Green leaf Yellow leaf Water hyacinth

Cl2O 5.87 4.79 e e e e e e e

MnO e e e e e e e e 0.05

Reference Li et al. (2019) Li et al. (2022b) Deng et al.

(2013)

Deng et al. (2013) Lu et al. (2018) Xie et al. (2021) Li et al. (2022b) Li et al. (2022b) Huang et al. (2018)

Agricultural by-products and wastes Refuse derived fuel and other wastes

Refuse derived fuel and other waste Peanut shell Durian shell Waste tea Textile dyeing
sludge

Sewage sludge

Approximate analysis (wt%, ad)
M 9.30 7.45 8.16 10.4 6.75 2.95 5.45 7.09 7.57
A 12.91 11.67 33.67 15.1 7.48 5.67 82.31 43.69 46.63
V 63.19 73.08 48.94 60.8 66.72 72.56 6.15 47.84 40.22
FC 14.60 7.08 9.46 13.8 19.05 18.82 6.09 1.38 5.58
Ultimate analysis (wt%, ad)
C 38.25 39.88 28.47 35.8 43.76 43.91 47.99 21.06 24.13
H 1.69 5.54 4.15 5.1 4.80 5.87 6.60 4.35 3.94
O 37.46 36.71 24.42 33.1 36.09 40.03 28.73 18.51 12.49
N 0.34 0.46 1.05 0.4 1.00 1.47 4.90 2.46 4.50
S 0.05 0.48 0.10 0.1 0.12 0.01 0.18 2.84 0.74
Components of ash (wt%)
SiO2 90.09 87.27 88.51 89.9 58.42 2.37 2.14 7.18 2.81
Al2O3 e 0.74 1.73 e 9.23 0.48 4.23 57.62 1.59

Fe2O3 0.54 0.77 1.10 0.4 3.26 0.41 1.18 17.13 14.28
TiO2 e 0.05 0.18 e 0.64 e e e 0.20

CaO 0.84 2.38 1.31 1.7 8.93 4.49 36.55 4.21 11.20
MgO e 0.73 0.84 e 2.71 12.05 8.63 0.42 0.25

Na2O 0.01 0.14 0.31 e 1.80 0.28 1.26 0.49 0.14

K2O 2.77 4.12 2.66 6.6 12.03 58.40 5.04 0.08 0.04
SO3 0.15 0.97 0.32 0.8 2.96 5.35 7.73 4.10 e

P2O5 0.51 01.74 1.81 0.6 e 15.23 25.60 2.44 0.23

Cl 0.092 e e e e 0.68 e e e

MnO e 0.35 e e e 0.11 2.98 0.23 0.05

MnO2 e e 0.83 e e e e e e

NiO e 0.36 e e e e e 0.22 e

ZnO e e e e e 0.06 0.18 0.63 e

Rb2O e e e e e 0.05 e e e

CuO e e e e e 0.02 0.14 0.18 e

SrO e e e e e 0.02 e e e

CdO e e e e e e e 2.47 e

Cr2O3 e e e e e e e 0.83 e

PbO e e e e e e e 0.10 e

As2O3 e e e e e e e 0.03 e
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Reference Deng et al. (2013) Ni et al. (2022) Liu et al.

(2022b)

Wu et al. (2019) Wang et al. (2021a) Liu et al. (2020) Cai et al. (2021) Cai et al. (2021) Huang et al. (2018)

Refuse derived fuel and other wastes

Antibiotic filter
residue

Municipal solid
waste

Refuse derived
fuel

Approximate analysis (wt%, ad)
M 18.50 3.12 3.18
A 12.83 16.23 9.85
V 61.70 68.60 78.38
FC 6.97 11.85 8.59
Ultimate analysis (wt%, ad)
C 32.20 42.43 44.7
H 3.25 4.61 5.33
O 27.65 51.32 49.5
N 5.14 1.64 0.42
S 0.43 0.10 0.05
Components of ash (wt%)
SiO2 8.85 40.09 30.15
Al2O3 8.23 9.21 9.32
Fe2O3 4.97 1.39 4.24
TiO2 0.57 0.7 2.18
CaO 64.66 28.6 43.56
MgO 2.56 1.12 0.92
Na2O 2.07 1.17 3.39
K2O 3.51 4.87 0.86
SO3 4.58 3.04 1.58
P2O5 e 5.71 1.76

Cl e e e

Cl2O e 3.75 1.09

Cr2O3 e 0.09 0.48

MnO e 0.13 0.07

CuO e 0.05 0.26

ZnO e 0.09 0.15

Reference Wang et al. (2021a) Yang et al.

(2022)

Yang et al.

(2022)
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Fig. 2. The higher heating value of different coals and biomasses (Abdullah et al., 2017; Akhtar et al., 2017; Asadullah et al., 2014; Demirbas et al., 2008; Duan et al., 2012; Haykiri-
Acma et al., 2016; Ikeda et al., 2003; Junga et al., 2020; Kim et al., 2007; Liang et al., 2022; Lin et al., 2021a, 2021b, 2022; Lin & Zheng, 2021; Liu et al., 2018; Mazumder et al., 2022;
Otero et al., 2007; P�erez et al., 2021; Soka & Oyekola, 2020; Torres et al., 2021a; Uguz et al., 2020;Yang et al., 2021a; Zheng et al., 2020; Zhuang et al., 2019).
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other waste biomass are more than that of the first three types of
biomasses, including CdO, Cr2O3, PbO, As2O3, etc. Among different
types of biomasses, ligneous materials, herbs and other annual
plants and agricultural by-products and wastes possess higher
calorific value while refuse derived fuel has less calorific value. The
higher heating values of sewage sludge is only 9.48 kJ/g while that
of Macadamia husk is 20.58 kJ/g, which indicates sewage sludge
may be not advantageous as the potential bio-energy for co-firing
in coal-fired power plants.

The proximate and ultimate analysis between different coals
varied significantly, but the difference in ash content is marginal. In
the proximate analysis of coal, lignite has highest ash, and relatively
lowest fixed carbon compared with other two types of coals.
Compared with lignite, the ash content of bituminous coal is lower
and the fixed carbon content is richer. Anthracite has the highest
fixed carbon content and the lowest volatile matter content. In the
ultimate analysis of coal, lignite has a high proportion of C and O.
The proportion of C content in bituminous coal and anthracite is
higher than that in lignite, while the proportion of O content is
lower. In the analysis of coal ash, it can be found that the ash
components of three types of coal are mainly SiO2 and Al2O3. In
generally, the higher heating value of lignite is the lowest, followed
by bituminous coal, and that of anthracite is the highest.

3. The co-firing behavior of coal with biomass

Compared with coal, biomass had different properties such as
lower calorific value and higher volatile matter. The lower calorific
value of biomass generated the less heat energy, which might lead
to the lower temperature of water wall. The higher volatile matter
in biomass would make ignition easier, thus the ignition temper-
ature was lower (Cai et al., 2014). In addition, due to the difference
between coal and biomass, when coal and biomass are combusted
together, the combustion behavior is not a simple superposition of
coal combustion and biomass combustion. There are complex in-
teractions between coal and biomass during the co-firing process.
Therefore, to better understand the co-firing of coal and biomass,
the following paragraphs would gradually discuss the co-firing
indices, co-firing mechanism, and synergistic effects in sequence.

3.1. The co-firing indices of coal and biomass

With the advancement of combustion research, the number of
combustion indices has increased. However, ignition, burnout, and
the maximum combustion rate temperature, based on monitored
thermogravimeter (TG) and derivative thermogravimetry (DTG)
curves, remain the primary indices for fuel combustion. The TG and
DTG curves illustrate the rate of weight changes in relation to
temperature or time. These indices represent the initial, final, and
intermediate stages of combustion, separately, and are considered
the most representative. In the following paragraphs, we will
introduce these three indices and discuss how the addition of
biomass to coal co-firing affects them.

3.1.1. Ignition and burnout temperature
Ignition temperature indicates the threshold of self-sustaining

combustion, and a lower ignition temperature is preferred due to
the ease of firing. The burnout temperature refers to the temper-
ature at which the coal or biomass is almost combusted to form ash.
A lower burnout temperature implies that the feedstock is easier to
be burnt to form ash. The co-firing of coal and biomass tends to
reduce the ignition and burnout temperatures compared with the
firing of coal alone due to the lower ignition and burnout temper-
ature of biomass. When Bermuda grass and corn straw biomass
(20%) were mixed with bituminous coal, individually, the ignition
temperature of the blends decreased by about 100 and 170 �C,
respectively, compared with that of coal. The ignition temperatures
of the two kinds of blends (20%) were similar to that of biomass.
This was because biomasses contained plenty of easily decom-
posable volatile, which contributed to ignition easily. Therefore, it is
a good strategy to add biomass to coal for co-firing, which would be
profitable to ignition (Yu & Chen, 2016). In another study, similar
results were obtained by mixing anthracite with pine wood
biomass in different proportions (Wang et al., 2014). Umar et al.
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(2021) also found that the reduction of ignition temperature of
blends was due to the high content of volatile matter in the
biomass, and the rapid volatilization and oxidation of volatile
matter led to a lower ignition temperature of the mixture. In
addition, compared with coal, biomass generally contains lower
fixed carbon, which is a more difficult material to be ignited than
volatile. The ignition indicator is conductive to study initial stage of
co-firing, and the burnout indicator is vital for the final phase of co-
firing. Generally, compared with coal combustion, the co-firing of
coal and biomass would also decrease the burnout temperature,
which is also related to the high content of volatile matter in
biomass. When biomass was decomposed and the volatiles were
released, and porous char was formed, which facilitates the contact
between oxygen and char, leading to lower burnout temperature. In
addition, the decrease of burnout temperature is also relative to the
low content of fixed carbon in biomass because the fixed carbon is
the main combustible material (Liu et al., 2015b).

Generally, compared with coal combustion alone, addition of
biomass to coal for co-firing tends to improve the characteristics of
ignition and burnout such as lowering ignition and burnout tem-
peratures. There are various types of biomass, and thus the prop-
erties of different biomass also vary widely. When the different
kinds of biomass are co-fired with the same coal, the ignition and
burnout characteristics are different. A study found that at the same
mixing ratios and heating rates, compared with switch grass, the
beet root led to the lower ignition temperatures of co-firing with
bituminous coal. The ignition temperature obviously decreased by
about 200 and 110 �C when bituminous coal co-fired with beet root
or switch grass of low proportion (20%) at the different heating
rates, respectively. Themain factorwas the higher volatile matter in
beet root than switch grass, which led to the lower ignition tem-
perature. The content of volatile matter was the controlling factor,
and thus the heating rates hardly affect the ignition temperature.
Different from ignition temperature, the burnout temperature
showed little change when adding the low proportion (10%e40%)
of biomass (beet root or switch grass) for co-firing with coal at the
same heating rate. This is because the content of fixed carbon is one
of the main controlling factors. Compared with coal, the two kinds
of biomass contained less fixed carbon. Therefore, when the low
proportion of biomass was added to coal, the contents of fixed
carbon in mixtures did not change too much. Hence, when biomass
was mixed to coal at low proportions, there was little change in
burnout temperature. However, with the increase of the heating
rates, the burnout temperatures intensely increased. The main
reason was the increase of heating rates contributes to the shift of
DTG curves in final stage from low temperature region to high
temperature region (Ahn t al., 2014; Liu et al., 2015b). Another
research found that adding 20% wheat straw or corn straw to
bituminous coal reduced the ignition temperature by 20 and 40 �C,
respectively. The lower ignition temperature of corn straw was
mainly caused by higher contents of volatile matter than wheat
straw (Liu et al., 2015b). Wang et al. (2013) discovered that
compared with corn straw and bark, the co-firing of corncob with
coal lead to ignite much quicker and burnout more complete. It was
speculated that comparing with other biomasses, the highest
content of volatile in the corncob led to rapid ignition. The lowest
contents of ash in corncob were less likely to block pores in the
char, and thus increased the reaction surface and gas diffusion rate,
which favored complete burnout. Therefore, the corncob was an
excellent material to improve the ignition and burnout (Wang et al.,
2013). Another work also proved that corncob contributed to the
better ignition comparedwith hardwood. Themain reasonwas that
corncob contained more hemicelluloses and cellulose, while
hardwood contained more lignin. Compared with hemicelluloses
and cellulose, lignin is more thermally stablematerial, so hardwood
was more difficult to decompose than corncob, leading to its higher
ignition temperature (Liu et al., 2016b). In addition to the inherent
properties of biomass, experimental operation conditions also
impacted co-firing performance. Zhang and Lu (2013) conducted
experiments on the co-firing of three types of coal and one type of
biomass and found that the ignition temperature and maximum
combustion rate temperature increased significantly with the in-
crease of particle size of mixtures. The probable reasons were that
during the heating process of larger particles, the internal heat
conduction might be the limiting factor. This could potentially slow
down the release rate of internal volatiles, thereby increasing the
ignition temperature. In addition, larger particles had smaller
specific surface area, which might affect the speed at which oxygen
diffuses into the particles, further enhancing the ignition temper-
ature (Zhang & Lu, 2013). Burnout efficiency generally referred to
the completeness of the combustion process. High burnout effi-
ciency meant that the fuel had been fully combusted, with minimal
unburnt residues. The ignition temperature of blends (coal and
olive waste) increased and burnout efficiency decreased when CO2
replaced N2 in air. The reason was probably the higher specific
molar heat of CO2. “Specific molar heat” referred to the amount of
heat absorbed or released in unit mole substance with unit tem-
perature variation. Compared with N2, the higher specific molar
heat of CO2meant that it needed to absorb more heat to increase its
temperature. Therefore, when CO2 was used instead of N2, more
heat was needed to reach the ignition temperature, whichmay lead
to an increase in ignition temperature and a decrease in burnout
efficiency. Additionally, it was also found that the ignition tem-
perature decreased and burnout efficiency increased with the in-
crease in oxygen. The main reasons were that higher contents of O2
to the surface of blends easily contributed to volatilization and
combustion of volatile. In addition, due to the increase of O2, more
char could be completely combusted leading to the enhancement of
burnout efficiency (Riaza et al., 2012).

3.1.2. The maximum combustion rate temperature
The maximum combustion rate temperature refers to the tem-

perature at which the combustion rate reaches its maximumduring
the combustion process. A lower maximum combustion rate tem-
perature might imply a higher reactivity of reactant, meaning it can
reach its maximum combustion rate at a lower temperature. This
could be due to the organic components in the fuel undergoing
rapid thermal reaction in the atmosphere at lower temperatures,
and releasing a large amount of heat. In general, the addition of
biomass tends to higher maximum combustion rate temperature.
When bituminous coal or sub-bituminous coal was co-combusted
with 20% pine sawdust, the ignition temperature reportedly
decreased while the maximum combustion temperature rose, in
comparison to combustion of coal only. The reason was the high
volatile content inwood biomass led to rapid desorption of the light
hydrocarbon in the char in the initial stage, thus in the latter char
combustion stage resulting in less reactive combustible reactants in
the char (Ahn et al., 2014). Similarly, the maximum co-firing tem-
perature of the high alkali coal andmunicipal sludge increasedwith
municipal sludge proportion. Themain reasonwas that the thermal
decomposition of stable inorganic components in municipal sludge
was difficult, which led to the low reactivity (Wang et al., 2022).

3.1.3. The main factors and improvement strategy for combustion
indices

The factors influencing combustion indices are crucial in
selecting the appropriate types of biomass and operating condi-
tions. Therefore, in addition to the proportion of biomass
mentioned above, which has a significant impact on ignition, the
various organic and inorganic components in the biomass also have
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a significant impact on combustion indices. A study found that the
contents of the cellulose, xylan and lignin affected co-firing of the
blends of coal and corn straw. When cellulose and xylan increased,
the maximum volatilization and combustion rate of volatiles
increased while temperature range of char combustion was almost
unchanged, which suggested that cellulose and xylan contributed
to the ignition but had no significant effect on the combustion of
char. However, the addition of lignin promoted the maximum
combustion rate of char. Therefore, when biomass contained more
cellulose and xylan, the ignition was easier. When biomass con-
tained more lignin, the char combustion tended to be quicker (Kai
et al., 2011). Apart from the organic components, minerals in
biomass ash also affected the co-firing of coal and biomass. The
minerals present in rosewood inhibited the volatilization process,
which led to higher temperature in volatilization and ignition
delay. However, some minerals showed positive effect on the co-
firing. Minerals such as Ca, K2O and Cl could act as catalyst for
char combustion (Shi et al., 2019).

Therefore, in order to increase both the ignition and char com-
bustion rate, biomass with multiple types can be selected for a
certain proportion of mixing, thus forming excellent composite
biomass materials. In addition, pretreatment methods for biomass
such as washing or hydrothermal carbonization had impacts on the
co-firing of coal and biomass. After washing and hydrothermal
carbonization of wheat straw, the maximum combustion temper-
ature decreased and the maximum combustion rate increased for
blends of 40% coal and wheat straw, which was caused by the
breaking of cellulose, hemicellulose and lignin structures (Ma et al.,
2022).

3.2. The co-firing mechanism of coal and biomass

Besides co-firing indices, it is essential to study the co-firing
mechanism of coal and biomass. This is because the co-firing
mechanism of coal and biomass is crucial for understanding the
main limiting factors on co-firing reaction rates of each stage ac-
cording to TGA curves. Basically, coal and biomass are solids, and
the combustion follows basic solid reactions models listed in
Table 4. The main influencing factors of co-firing mechanism
include the mixing ratio and the heating rate. Gil et al. (2010)
heated the mixture of bituminous coal and pine sawdust in air
Table 4
Expressions of g(x) for the kinetic model functions usually employed for the solid-
state reactions (Gil et al., 2010).

Reaction order Mechanism and model

g(x) f(x)

First-order (O1) �ln (1�x) (1�x)
Second-order (O2) [1/(1�x)]�1 (1�x)2

Third-order (O3) (1/2) [(1�x)�2 � 1] (1�x)3

Diffusion

1-D diffusion (D1) x2 1/(2x)
2-D diffusion (D2) (1�x)ln(1� x) þ x �[1/ln(1�x)]
3-D diffusion-Jander (D3) [1�(1�x)1/3]2 [3(1�x)2/3]/

[2(1�(1�R)1/3)]
GinstlingeBrounshtein (D4) 1�(2/3)x�(1�x)2/3 3/[2((1�x)�1/3�1)]

Nucleation model

AvramieErofeyev (A2) [�ln(1�x)]1/2 2(1�x)[�ln(1�x)]1/2

AvramieErofeyev (A3) [�ln(1�x)]1/3 3(1�x)[�ln(1�x)]2/3

AvramieErofeyev (A4) [�ln(1�x)]1/4 4(1�x)[�ln(1�x)]3/4

Phase boundary-controlled reaction

Contracting area (R2) 1�(1�x)1/2 2(1�x)1/2

Contracting volume (R3) 1�(1�x)1/3 3(1�x)2/3
from room temperature to 1000 �C at a heating rate of 15 �C/min.
According to TG and DTG curves, the combustion stage of the
blends was divided into three stages: the release and combustion of
biomass volatiles (stage A), the combustion of fixed carbon in
biomass (stage B) and the combustion of fixed carbon in coal (stage
C). It was found that the stage A and stage C were controlled by the
first-order kinetics model (O1), which indicated that the rates of
stage A and Cwas determined by the remaining fraction of reactant.
The stage B was controlled by the diffusion mechanism of 3D
diffusion-Jander's equation (D3) and GinstlingeBrounshtein's
equation (D4), which implied that diffusion of oxygen into the
particle was the rate controlling step rather than chemical reaction
(Gil et al., 2010). In another study, the bituminous coal was co-fired
with composite biomass including wood waste, rice straw and
catkins, and DTG curves were measured. Subsequently, similar
combustion stages and combustion mechanisms were observed.
The differencewas that this study stated that stage Bwas controlled
by the diffusion mechanism of D1 rather than D3 and D4. The study
also found that when the same composite biomass was co-
combusted with lignite there were only two combustion stages:
combustion of volatile in lignite and biomass, and the combustion
of char in lignite and biomass. These two stages were only
controlled by D3 and D4 diffusion mechanisms, indicating that the
co-firing of lignite and the composite biomass was controlled by
the process of oxidant diffusion to the reaction particles. Therefore,
the study demonstrated that different coal types lead to different
reaction mechanisms (Guo et al., 2020). In addition, another study
also found that the co-firing mechanism of each stage for blends of
refuse-derived fuel and low-quality coal was controlled by the D3
diffusion model, and thus oxygen transfer rate was the key for the
co-firing of coal with refuse-derived fuel (Isaac & Bada, 2020). The
above-mentioned studies are based on CoatseRedfern linear fitting
method to obtain the co-firing mechanism. Although the co-firing
mechanisms tested in the above experiments considered the in-
fluence of biomass proportion in the mixed fuel, these studies did
not consider the influence of heating rate. Actually, the heating rate
is also a key factor influencing the co-firing process. Liu et al.
(2015a) not only studied the influence of mixture ratio but also
considered the effects of different heating rates on the co-firing
mechanism of coal and beet root. Using the two-stage theory, the
co-firing process was divided into two stages. Themain combustion
mechanism of the two stages in coal/beet root blends was
described by AvramieErofeev's equation. It meant that the reaction
rate was controlled by the process of random nucleation and
growth, referring to the process during a phase transition where
the formation of a new phase began with the spontaneous forma-
tion of small clusters (or “nuclei”). Therefore, the formation and
growth rates of new phases (such as gaseous products or newly
formed solid materials) during the co-firing of coal and beet root
were key factors influencing the reaction rate.

3.3. The interaction between coal and biomass during co-firing

After understanding the co-firing indices and mechanisms
based on TGA curves, the synergistic or antagonistic effects during
different combustion stages based on TGA curves are worth
studying, favoring for selecting appropriate types of coal and
biomass. The performance of co-firing of coal and biomass is not
simply a mathematical superposition of some percentage of coal
and some percentage of biomass. The correlation of co-firing is
non-linear which shows synergistic effects or antagonistic effects.
The co-firing test of 70% lignite and 30% cardoon was performed in
a thermo-gravimetric analyzer. The results indicated that the co-
firing rates of blend in experiment were higher than calculated
co-firing rates at the major combustion zone. The calculated co-
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firing rate of the blend at any instant of time or temperature was
formulated by Eq. (1):

�
dm
dt

�
blend

¼ x
�
dm
dt

�
coal

þ y
�
dm
dt

�
biomass

(1)

where, ðdm=dtÞcoal and ðdm=dtÞbiomass were the rates of normalized
mass loss of coal and biomass, respectively, at any instant of time or
temperature as found from the individual experiments, and x, y
were the mass fractions of coal and biomass in the blend, respec-
tively. The conclusions of co-firing studies implied that co-firing
generated synergistic effect at the major combustion zone rather
than simple superposition (Vamvuka & Sfakiotakis, 2011). Another
study also reached the same conclusion during the co-firing of coal/
sawdust char and coal/corn cob char by comparing experimental
results with calculated values under different proportions of bio-
masses. The experimental combustion rates in blends were faster
than the calculated combustion rates at the major combustion
zone. Thus, the sawdust char and corncob char promoted co-firing
at the major combustion zone. However, the effects of combustion
rates at the final combustion zone were different for two types of
blends. For the mixing of coal and sawdust char, the combustion
rates at the final combustion zone were almost the same between
experimental measurement and the calculated value by Eq. (1).
While the values of combustion rates were lower in experiment
than the calculated value at final combustion zone as to the mixing
of coal with corncob char. This proved that sawdust char had nearly
no influence on final combustion phase of the co-firing. However,
corncob char performed antagonistic effects on final combustion
zone (Sahu et al., 2013). When bituminous coal is co-combusted
with pine sawdust and rice husk, respectively, stages of devolati-
lization and combustion of volatiles showed anti-synergistic effects
when comparing experimental results and calculated values. The
main reason was the heterogeneous particle sizes of blends influ-
enced the thermal transmission. Nevertheless, the stage of carbon
residue combustion exhibited synergistic effect in blend of coal
with pine sawdust. This was because char from biomass elevated
combustion of blends due to the faster ignition and release of heat
in char from biomass. Another explanation was the presence of a
high content of alkali as a catalyst in pine sawdust ash, which
significantly promoted the combustion. However, the anti-
synergistic effect of rice husk on mixing was owing to the high
SiO2 content in rice husk ash, which had an obvious inhibiting ef-
fect on combustion (Wang et al., 2016). Garcia et al. (2022) co-
combusted bituminous coal with spent coffee ground and rice
husk, respectively. The result indicated that the blend of bitumi-
nous coal and spent coffee ground had synergistic effect on burnout
temperature due to the high content of alkali metals as catalyst in
spent coffee ground ash. However, there was no obvious synergistic
effect on burnout temperature for mixing rice husk. The main
reason was the rice husk ash contained CaO, K2O and SiO2. The K2O
had a strong catalytic effect, while CaO and SiO2 could have an
inhibiting effect. Therefore, therewas no apparent synergistic effect
on burnout temperature (Garcia et al., 2022). Another research
defined the level of synergy by the degree of synergism during co-
firing of coal with sugarcane bagasse and biomass sorghum
bagasse. The degree of synergism (S) was calculated by the
following expression (Barzegar et al., 2022; Boumanchar et al.,
2019):

S¼
�
mblend �

�
xmcoal þ ymbiomass

mblend

��
100 (2)

wheremcoal,mbiomass andmblend were themass loss of coal, biomass
and blend, and x, y were the mass fractions of coal and biomass in
the mixture, respectively. The higher degree of synergism repre-
sented a stronger synergistic effect. The result indicated that the
blends of 10% and 75% biomass ratios showed a higher degree of
synergismwhile the blends of 25% and 50% biomass ratios showed
a lower degree of synergism in the oxy-fuel combustion condition
compared with air combustion condition. It is worth mentioning
that the mixing of coal and sorghum bagasse had the highest de-
gree of synergism, up to 15.12 (Galina et al., 2019).

4. The ash agglomeration, fouling and slagging behaviors

Although the co-firing of coal and biomass would lead to many
benefits such as lowing ignition temperature, there are many po-
tential problems due to the differences between coal and biomass.
The ash characteristics would be changed when the biomass was
added to coal for co-firing in the existing coal-fired boiler, which
contributed to agglomeration, fouling and slagging. When the
temperature reached the initial deformation temperature, ash
began to melt and form small particles or “nuclei”. These nuclei
spontaneously combined to form larger particles, a process known
as “agglomeration”. Over time, these particles might adhere to the
interior surfaces of the boiler, forming deposits, a process known as
“fouling”. If the deposits continued to accumulate and become large
enough, theymight melt and adhere to boiler components, forming
a hard, glassy structure, a process known as “slagging”. For studying
the potential of agglomeration, fouling and slagging when biomass
was added to coal for co-firing, the ash melting temperatures such
as initial deformation temperature, softening temperature, hemi-
spherical temperature and flow temperature could be measured.
The lower ash melting temperatures would lead to ash agglomer-
ation, fouling and slagging. In general, the ash melting tempera-
tures in biomass were lower than that in coal. When a low rank coal
was co-combusted with biomass blends of sewage sludge and
wood sawdust, the agglomeration degree of biomass ash was twice
as high as that of low rank coal ash. Therefore, with the increase of
biomass proportion in blend, the agglomeration degree of ash
increased. The main reason was that the ash melting temperatures
of biomass blend were lower than that of coal. The reason for using
biomass blend instead of single wood sawdust biomass was that
the aluminum, calcium and iron in the sludge could combine with
the alkali metals in the woody biomass, raising the ash melting
temperature (Namkung et al., 2018). For the ash in bio-coal
briquette made of lean grade coal and torrefied woody biomass,
the addition of a low proportion of biomass had no significant effect
on agglomeration, fouling and slagging, because the ash content of
woody biomass was far below that of coal. Hence, the composition
change in ash of the blend was negligible. However, the addition of
a high proportion of biomass produced more change in ash com-
ponents, resulting in the low melting point ash of blend and a
tendency to agglomerate, foul and slag (Adeleke et al., 2022).
Another research studied the fouling trends of co-firing of three
types of biomass with bituminous coal. The results showed that
palm kernel shell and bark promoted the fouling obviously, and
Japanese cedar had little effect on the fouling. This was because the
co-firing of coal and palm kernel shell and bark elevated the con-
centration of low-melting calciummineral (CaeAleSi). Palm kernel
shell had a more obvious promoting effect on fouling than bark,
because the iron further formed calcium mineral (CaeFeeAleSi)
with a lower melting point (Priyanto et al., 2018). When lignite
(90%) was co-combusted with hazelnut shell (10%) or rice husk
(10%) respectively, the addition of hazelnut shell led to a decrease
by nearly 50% in initial deformation temperature. The probable
factor was that with the increase of CaO, the initial deformation
temperature first decreased and then increased. When the CaO
content reached 35%, the initial deformation temperature reached
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the lowest value. Therefore, the intense decrease in initial defor-
mation temperature for blend was because the CaO content
reached about 35%. However, the co-firing of lignite and rice husk
only led to a minor change in initial deformation temperature.
Therefore, the rice husk was a better choice to reduce the potential
of ash agglomeration, fouling and slagging. The variety of biomass
was extensive, and under different operational conditions, selecting
the appropriate biomass for co-combustion with coal was crucial.
Besides the choice of biomass, the addition of inhibitors was also
highly effective in reducing the likelihood of slagging (Haykiri-
Acma et al., 2010).

5. Gaseous pollutant emissions of coal and biomass
combustion

Biomass is a clean fuel, tending to reduce some significant
gaseous pollutant emissions such as CO, NO and SO2. Meanwhile,
the adverse effect probably takes place owing to the diversity of
biomass. When cedar nut shell was co-combusted with bituminous
coal or lignite, respectively, it was found that co-firing of bitumi-
nous coal and cedar nut shell significantly reduced SO2 and H2S
emissions in flue gas, while co-firing of lignite and cedar nut shell
did not substantially lower SO2 and H2S emissions. Themain reason
was lignite combusted earlier than cedar nut shell. Then ash of
cedar nut shell formed too late so that the sulfur in lignite could not
bind with mineral compounds in the ash of cedar nut shell. The
latest research found cedar nut shell could remarkably reduce the
content of SO2 during combustion of bituminous coal by experi-
ments. The main reason was that bituminous coal was combusted
later, so the sulfur from bituminous coal was in contact with the
mineral compounds in ash of cedar nut shell (Jerzak et al., 2018).
Nevertheless, the actual measurement in boiler tended to reflect
more accurate circumstances. Another study measured the gaseous
pollutants produced from industrial boiler during co-firing of hard
coal with wood chips. The result discovered that the content of SO2
in flue gases decreased with addition of wood chips, due to high
sulfur content in hard coal and low sulfur content in wood chip. In
addition, the study found that the content of VOC and HCl
decreased while the amount of CO2 and NOx increased in flue gases
with the addition of wood chips (Nowak & Rabczak, 2021). At the
same time, another study also showed that the co-firing of
anthracite and wood pellets would reduce the emission of SO2,
compared with the combustion of anthracite alone (Guo & Zhong,
2018). The reason was that wood pellets contained many alkali and
alkali-earth minerals, which would form sulfate with SO2. Biomass-
char could act as a catalyst for the sulfating reaction. Besides, the
research also found that the addition of wood pellets led to a
decrease in the content of NO and an increase in the content of CO.
The reasons were that the nitrogen content inwood pellets was low
and there was not enough air at the bottom to burn wood pellets,
which caused incomplete combustion to produce a large amount of
carbon monoxide (Guo & Zhong, 2018). The co-firing of lignite and
different biomasses led to the decrease of NOx compared with
combustion of lignite. However, the nitrogen content in these
biomasses was higher than lignite. The main reason for NOx

decrease was that the char content in biomasses was higher than
lignite, and the char could act as a catalyst in reducing NO to N2. In
addition, the co-firing also reduced SO2 concentration due to the
low sulfur content in biomasses (Krzywanski et al., 2014). Patil et al.
(2022) considered that the biomass mixing ratio influenced the
combustion of coal. With the increase of the distillery sludge ratio,
the co-firing of blends would generate more SO2 in the flue gas,
which was attributed to the high sulfur content in sludge. This is
because the distillery sludge contained abundant protein amino
acid with sulfur moiety. Yet, the NOx concentration decreased in
flue gas with an increase in the ratio of sludge. Although the ni-
trogen content of blends was higher than coal, the nitrogen
element existed as fuel-N in a more stable form in blends, thus the
NOx in flue gas was more difficult to form in blends (Patil et al.,
2022). The co-firing experiments of bituminous coal and poplar
wood also presented the phenomenon that the NO yield decreased
with the increase of the poplar wood ratio because of the low ni-
trogen content in poplar wood. In addition, the research also found
that the NO yield in O2/N2 atmosphere was far lower than O2/H2O
atmosphere for the co-firing experiment. One of the reasons was
that the concentration of reducing gases such as H2 and CO and free
radicals increased in O2/N2 atmosphere, favoring the NO reduction
to form N2 (Li et al., 2018). Apart from the mixing ratio, the tem-
perature was a critical factor in gaseous emissions. When the
temperature was elevated, the NO concentration rose during co-
firing of coal with wheat straw. The content of CO decreased due
to the improvement of combustion efficiency with the increase in
temperature. The tendency of SO2 change was complex with the
enhanced temperature. The content of SO2 increased from 750 �C to
850 �C because the S in FeS2 was oxidized to form SO2. Then the SO2
decreased from 850 �C to 900 �C, which was attributed to the
consumption of SO2 to form sulfate. When the temperature was
elevated from 900 �C to 950 �C, the SO2 rose again, because the
sulfation was slower than the decomposition of sulfate (Xue et al.,
2020). In terms of overall trends, another research also showed a
similar effect of temperature on NO, CO and SO2 emissions during
co-firing of coal and rice husks (Akhtar et al., 2018). In addition, the
mixing ratio should be considered as another vital factor in flue gas
behavior. The CO production decreased with the increase of rice
husk content adding to Lakhra coal, because the high content of
volatile matter and the presence of oxygenates in rice husk would
contribute to the conversion of CO to CO2. The high content of
biomass in the blends led to the reduction of SO2, because therewas
almost no sulfur in rice husk and the presence of CaO led to the
conversion of SO2 to CaSO4. The high content of rice husk in the
mixture reduced NOx emissions, because rice husk generated more
free radicals to convert NOx into N2 (Akhtar et al., 2018).

6. The effect of different operations on co-firing of coal with
biomass

Biomass generally has lower calorific value, energy density and
larger size, which lead to challenges of co-firing in coal-fired power
plants. Therefore, to deal with these problems, many researchers
have provided some methods such as torrefaction, adjustment of
mixing ratios and oxygen concentration, which will be stated in the
following section.

6.1. Biomass torrefaction

Raw biomass with high proportion was fed into the coal-fired
power plant, which would cause unstable combustion since raw
biomass was a fuel of low calorific value and difficult to pulverize.
To overcome this, biomass was torrefied at certain temperatures
which would enhance its calorific value and pulverizibility.
Compared with raw biomasses (willow, olive oil residue and waste
wood), torrefied biomasses improved higher heating value, which
would be favorable to co-firing. In addition, torrefied biomass for-
feited a part of moisture and volatile matter, which would reduce
the weight of biomass to diminish the costs of transportation
(Kopczy�nski et al., 2017). With the increase in torrefaction tem-
perature from 200 �C to 300 �C, higher heating value of both
healthy pine and beetle kill pine increased by 19.27% and 17.80%,
respectively. In addition, the particle sizes of biomass after milling
were smaller at higher torrefaction temperatures. The main reason
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was that the decomposition level of hemicellulose, cellulose, and
lignin of biomass was higher at higher temperatures (Howell et al.,
2018). Another study also found the particle size of torrefied
biomass was smaller than raw biomass and the size further
decreased as the torrefaction temperatures increased (Gil et al.,
2015). According to the DTG curves, there were three peaks for
the combustion of raw bamboo while there was a single peak for
combustion of coal or torrefied bamboo at 20 ml/min and 40 ml/
min air flows, which indicated there were similar combustion be-
haviors between coal and torrefied bamboo. The reduction in the
number of combustion peaks for torrefied bamboo was due to the
evaporation of water and the decrease of volatiles to a similar level
as coal after torrefaction. In addition, the heat value of bamboo
increased by 8.57 kJ/g after torrefaction. Therefore, torrefied
bamboo was potentially to be an alternative as the substitute for
coal in the coal-fired boiler (Liu et al., 2016a). When three types of
coals (lignite, bituminous coal and anthracite) with torrefied
cornstalk were co-fired, the peak values of volatilization increased
with the blending ratios of torrefied cornstalk because the volatile
content of torrefied cornstalk was higher than that of coals,
resulting in the improvement of ignition temperature. Besides,
compared with the blends of lignite/bituminous coal and torrefied
cornstalk, the co-firing of torrefied cornstalk with anthracite had
more peaks in DTG curves owing to a difference of combustion
temperature ranges between torrefied cornstalk char and anthra-
cite char. The increase in peak numbers resulted in the disconti-
nuity of co-firing in coal-fired boiler. Therefore, lignite and
bituminous coal were more appropriate than anthracite, when co-
firing with torrefied cornstalk (Liu et al., 2022b). In addition to the
number of combustion peaks, the thermogravimetric analysis was
used to study the interaction between coal and torrefied biomass.
When coal was co-combusted with torrefied biomass (agricultural
and animal wastes), there were obvious synergistic effects in terms
of lower burnout temperature. The reason might be that the
Fig. 3. (a) The blends of coal with biomass into the same grinder for direct coup
inorganics in the biomass acted as a catalyst in the final combustion
processes (Toptas et al., 2015).

6.2. The coal and biomass coupling power generation technology

To alleviate the various pollution problems such as SOx and NOx

emissions caused by coal-fired power, the coal and biomass coupled
power generation technology is the primary method and increas-
ingly developing. According to the co-firing mode, the coal and
biomass coupled power generation technology is mainly divided
into direct, indirect, and parallel co-firings (Agbor et al., 2014).

6.2.1. Direct co-firing
For direct co-firing, there were two ways in which coal and

biomass enter into coal-fired boiler. The first way was that the coal
and biomass were mixed, then ground together, and finally fed into
the coal-fired boiler (Fig. 3(a)). The second method was that the
coal was entered into the grinder while biomass got into the newly
established biomass grinder, then ground coal and biomass entered
the coal-boiler together (Fig. 3(b)). The crushing characteristics of
biomass differed greatly from those of coal. Hence, the coal mills,
which are primarily designed for grinding and crushing coal, were
not up to the task of cracking the fibers in biomass containing high
cellulose content. To increase the co-firing ratio of biomass, special
biomass mills should be developed, but this would increase retro-
fitting costs (Wang et al., 2021b). Although the installation of a
specialized biomass mill would alleviate uneven feeding issues, the
direct co-firing encountered other problems such as corrosion. The
produced deposits from co-firing of 25% woody biomass with 75%
coal in a 150 MW pulverized-coal boiler contained more alkali
sulfate and more unburned carbon compared with that from co-
firing of coal alone. The substantial unburned carbon formed a
reducing atmosphere, which increased the generation of H2S. The
presence of both alkali sulfate and H2S resulted in corrosion in the
ling; (b) The coal and biomass into the different grinder for direct coupling.
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furnace chamber. One method for minimizing corrosion was to
alter the air ratio to limit the reducing atmosphere (Priyanto et al.,
2017). Another industrial boiler of long-term operation also re-
ported corrosion issues. An 80 MW circulating fluidized bed boiler
with 50% straw and 50% coal ran normally for 6 months at less than
80% combustion chamber load, but serious corrosion occurred in
the final superheater one year later (Hansen et al., 1998). For co-
firing of bituminous coal and straw pellets in a 260 t/h CFB boiler,
the substantial release of gas phase chlorine from the process of
sulfation of potassium chloride in the sediments was the primary
source of corrosion. In addition to corrosion, because the ash
melting point of biomass waste was lower than that of coal, direct
co-firing for coal and biomass waste would result in more slagging.
However, directly coupled combustion of coal with biomass waste
lowered NOx and SO2 levels in the flue gas. The decrease in NOx

content wasmostly attributable to the reducing environment in the
furnace, which reduced NOx to N2. The drop in SO2 amount was
mostly owing to the low S content in biomass waste and the
combination of SO2 with the minerals in the ash to generate sul-
phates. Compared with indirect and parallel co-firing, direct co-
firing is prone to slagging and corrosion, but it has the lowest in-
vestment cost for retrofitting. Therefore, direct co-firing was the
most common commercial technology for co-firing coal and
biomass in a boiler (Liu et al., 2021).

6.2.2. Indirect co-firing
The indirect co-firing involved feeding biomass into a gasifier for

gasification. The gas product generated from gasifier was used as
Fig. 4. The coal and bio-gas into th

Fig. 5. The coal and biomass into t
fuel for coal-fired boiler (Fig. 4). Compared with direct co-firing,
indirect co-firing reduced the problems such as slagging in the
furnace chamber and thus enhancing biomass mixing ratio can be
achieved (Xu et al., 2020). When bio-gas of different mass per-
centages (3%e50%) were co-fired with coal in a 600 MW coal-fired
boiler, it was found that when the mass percentage of bio-gas was
increased to 50%, all particles in the furnace were burned
completely. In addition, the study showed that as the proportion of
biomass gas increased, the average temperature along the chamber
height and the NO content at the flue gas outlet decreased, but the
CO and CO2 content did not change significantly. The high mass
percentage of biomass gas significantly reduced slagging due to the
reduced temperature in the furnace chamber (Jiang et al., 2009).
Despite many advantages, indirect co-firing was not widely used
commercially in many regions due to the high investment costs
required for the additional gasifier.

6.2.3. Parallel coupling
For parallel co-firing, coal and biomass were pre-treated sepa-

rately in dedicated coal and biomass pre-treatment systems before
being burned separately in coal-fired boilers and biomass-fired
boilers, respectively (Fig. 5). Compared with indirect co-firing, the
parallel co-firing further enhanced the biomass mixing ratio and
the stability of the combustion operation, as well as further
reducing slagging and corrosion problems. However, the invest-
ment costs were the highest due to the need for an additional
dedicated biomass system. Therefore, the parallel co-firing had few
commercial applications (Agbor et al., 2014).
e boiler for indirect coupling.

he boiler for parallel coupling.
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6.3. The effect of co-firing ratios

Due to the difference in combustion characteristics between
coals and biomasses, the co-firing ratio had a major impact on the
generation of pollutants, production heat of the boiler and corro-
sion in boiler when coal and biomass were co-fired together in
existing pulverized coal boilers. A study on co-combusted coal and
pine sawdust with various mixing ratios demonstrated that with
the increase of pine sawdust proportion, despite an increase in
released volatiles, the maximum NO concentration gradually
reduced from62 ppm to 48 ppm in the stage of devolatilization. The
low nitrogen content in pine sawdust is one direct reason for the
low NO emission, and the high volatiles in pine sawdust consumed
oxygen and created a locally reducing environment, which favored
the conversion of NO to N2 (Yang et al., 2021b). In order to obtain
the optimum mixing ratio for minimizing gaseous pollutant emis-
sion for different biomasses, coal was co-combusted with biomass
of four types at different co-firing ratios. Forminimum CO emission,
the optimum biomass blending ratios were 50%, 30%, 30% and 30%
for poplar sawdust, rice husk, sunflower leftovers and pine nuts
shell, respectively. For minimum NOx emission, the optimum
biomass blending ratios were 30%, 20%, 30% and 50% for the above
biomasses. In addition, for minimum SO2 emission, the optimum
biomass blending ratios were 50%, 40%, 30% (or 50%) and 50% for
the above biomasses. The emission of all the above gaseous pol-
lutants would reach the minimum value when coal was co-
combusted with 30% sunflower leftovers. Therefore, to reduce
pollution, the most appropriate biomass was sunflower leftovers
and the most the optimum biomass blending ratio was 30%
(Kanwal et al., 2021). Due to the higher fraction of volatiles in
biomass, when burning coal and municipal solid waste together,
NO and CO levels in the flue gas rose with the proportion of
biomass. However, as the ratio of biomass grew, the concentration
of SO2 in the flue gas declined, mainly because coal contained a
higher S content than biomass, and the biomass ash contained CaO
and MgO, which absorbed SO2 to form sulfates (Zhakupov et al.,
2022). South African coal or Columbian coal and straw were co-
combusted by experiment and calculations. As straw blending ra-
tio on an energy basis increased from 0% to 70% for the co-firing of
South African coal and from 0% to 50% for the co-firing of Colum-
bian coal, the content of HCl also increased. The explanations were
that gaseous alkali chlorides reacted with sulfur oxides and
alumina-silicates by the following reactions: Eqs. (3)e(5):

2MClðgÞþ SO2ðgÞþ0:5O2ðgÞþH2OðgÞ/M2SO4ðgÞþ2HClðgÞ
(3)

2MClðgÞþ SO3ðgÞþH2OðgÞ/M2SO4ðgÞþ2HClðgÞ (4)

2MClðgÞþH2OðgÞþAl2O3 $ xSiO2ðsÞ/M2O $Al2O3$xSiO2ðsÞ
þ2HClðgÞ

(5)

whereM is Na or K (Wolf et al., 2017). The addition of biomass led to
a reduction in boiler heat production. When lignite or bituminous
coal was co-combusted with four types of biomasses (rice husk,
sawdust, chicken litter, refuse derived fuel). With the increase in
the biomass ratio, the produced heat of boiler decreased. The main
reason was that biomass had a lower heating value than coal
(Mehmood et al., 2012). Furthermore, the addition of biomass also
led to corrosion.When strawwas co-combusted with South African
coal, Columbia coal or El Cerrejon coal in lab scale tests, respec-
tively, as the straw blending ratios increased, the corrosion signal
values and Cl content in fly ash increased, but the Al2O3 content
decreased in blends ash. Therefore, the high Cl content and the low
Al2O3 content in ash would lead to more severe corrosion (Stephan
et al., 2017).

6.4. The effect of oxygen concentration

In addition to the biomass blending ratio, the oxygen concen-
tration would significantly affect the co-firing performance of coal
and biomass. The composite combustion characteristic index S is a
comprehensive parameter to evaluate the ignition and burning
performance, which is calculated by Eq. (6):

S¼DTGmax � DTGa

T2i � Tb
(6)

where DTGmax (�C/min) is the maximum rate of weight loss, DTGa
(�C/min) is the average rate of weight loss between the ignition
point and the burnout point, Ti (�C) is the ignition temperature, and
Tb (�C) is the burnout temperature. A higher value of S indicates
better combustion performance. When bituminous coal and wood
chips were burned together, the value of S was not significantly
affected by an increase in oxygen concentration from 5% to 30%
when the proportion of wood chips was less than 50%. The possible
reason was that the low mixing ratio of wood chip produced a low
amount of volatile in the mixture of bituminous coal and wood
chip, which was the main restricting factor on the combustion
performance rather than oxygen concentration. However, when the
blending ratio of the biomass exceeded 50%, with the increasing of
oxygen concentration, the combustion performance considerably
improved as the value of S increased. It demonstrated that oxygen
content acted as the limiting factor with biomass of high proportion
(Chen et al., 2020). When 50% coal semi-char and 50% straw were
co-combusted together, the ignition temperature and burnout
temperature decreased and the value of S increased as the oxygen
concentration rose from 21% to 40%, which indicated that the high
oxygen concentration positively contributed to ignition, burnout
and combustion. Oxygen concentration played different roles in the
different co-firing stages. The increase in oxygen concentration did
not significantly alter the combustion rate in the devolatilization
and combustion stage of volatiles for the co-firing of 70% coal and
30% pine sawdust. The increase in oxygen content, however,
significantly accelerated the combustion reaction rate during the
stage of stable char combustion. The combustion reaction rate in
the stable char stage increased by nearly 126% when the oxygen
content was raised from 6% to 21%. The main reason was that the
oxygenwas sufficient at the initial devolatilization and combustion
stage of volatiles, then the oxygenwas consumed by volatile matter,
finally, the lack of oxygen contributed to limitations on the com-
bustion rate at the final stage of char combustion (Yang et al.,
2021b). It was discovered that a rise in oxygen concentration
resulted in an increase in the concentration of arsenic in the ash
when bituminous coal and rice husk were co-combusted under air
and 70% oxygen concentration. The primary cause of this might be
that increased oxygen concentration resulted in higher adiabatic
flame temperatures, which vaporized particles in the ash with
larger specific surface areas and more sites for arsenic to be
adsorbed. As a result, in an oxygen-rich environment, the ash had a
high arsenic level (Liu et al., 2020b).

7. Numerical simulation of co-firing of coal and biomass

The above experimental studies can only measure the param-
eters of interest at limited locations such as inlet, outlet and fixed
points in the boiler. The detailed flow, heat and mass transfer
characteristics, reaction rates and component concentration of co-
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firing for coal with biomass inside the boiler could not be fully
obtained by experimental measurement. To overcome this limita-
tion, it is essential to develop multi-phase flow models for the gas-
solid flow, temperature and gas distribution inside the boiler by
means of numerical simulations.
7.1. The gas-solid flow of co-firing

For the co-firing of coal and biomass, gas-solid flow character-
istics are essential for understanding the interaction between the
particle and the gas. Experimental measurements only obtain a
general trend of the gas-solid flow. However, the detailed distri-
butions of the parameters influencing the gas-solid flow (particle
velocity, volume fraction, etc.) inside the furnace were not known.
Therefore, the numerical simulation investigated the gas-solid flow
profile inside the furnace by building a multiphase flow model. A
model using the EulerianeLagrangian framework simulated the co-
firing of coal and biomass in a fluidized bed. The results showed a
common three-zone flow pattern. According to particle concen-
tration, the fluidized bed along the bed height was divided into
three zones: a dense phase zone and a splashing zone at the lower
part including almost all particles, and a dilute phase zone at the
upper region, which barely contained particles (see Fig. 6). The
particles in the dense phase and splashing zones exhibited annular-
core structure, with higher particle velocity but lower particle
concentration in the central region and lower particle velocity but
higher particle concentration around the walls. The distribution of
the velocity and concentration of particle was uneven in the dense
phase zone, which was caused by the movement of bubbles
including bubbling generation, bubble aggregation and bubble
fragmentation. However, the particles including biomass, coal and
inert bed material were mixed well in the dense phase and particle
splashing zones due to sufficient bubbling velocity. In addition,
compared with combustion of coal, addition of biomass led to an
increase in bed height of the dense phase and e-splashing zones.
The main reason was that due to the low calorific value of the
biomass, more particles were fed into the fluidized bed to keep the
bed temperature constant. Co-firing also caused the increase in
particle velocity owing to the low mass density of biomass (Liu
et al., 2020a;Liu et al., 2022a). Another study simulated the co-
Fig. 6. The three zones are divided by particle density along the fluidized bed height.
firing of coal and sludge in a circulating fluidized bed by the
EulerianeLagrangian method (Wu et al., 2023). The particle flow
behaviors of different particle sizes in a circulating fluidized bed at
the same simulation time were investigated. When the size of the
particle was 0.1 mm, the particles flowed quickly in the whole
circulating fluidized bed. However, in the case of particle size of
1 mm, the particles accumulated at the bottom of the furnace and
flowed slowly. Therefore, compared with large particles, small
particles led to greater flow in the circulating fluidized bed when
coal was combusted with biomass (Wu et al., 2023).

7.2. The temperature distribution of co-firing

When coal and biomass are co-combusted in a chamber, the
temperature distribution inside the chamber is critical for the heat
transfer and chemical reactions between the solid and gas phases.
Since the current degree of experimental analysis is typically only
feasible for select points, such as the inlet, it is challenging to
determine the temperature distribution throughout the whole
chamber. Therefore, numerous studies have been carried out to
predict the temperature distribution inside the chamber using
numerical simulations. CFD modeling was used to simulate the co-
firing of coal and torrefied maize straw in an industrial coal-fired
boiler, and the temperature distribution was studied in the verti-
cal combustion furnace axis. As the proportion of biomass
increased from 20% to 40%, the temperature in the upper part of the
furnace increased. This might be explained by the fact that the
biomass was fed from the top and had a higher combustion reac-
tivity index (C) than coal. The combustion reactivity index is
defined by Eq. (7):

C¼ðdm=dtÞmax

T2i
(7)

where Ti is the ignition temperature, and ðdm=dtÞmax is the
maximum weight loss rate. However, the temperature in the bot-
tom of the furnace decreased, becausewith the increase of biomass,
less coal was fed to the bottom for constant thermal power in boiler
(Szufa et al., 2023). A numerical simulation found that when coal
and biomass were co-combusted in a bubbling bed, the gas tem-
perature increased with the height of the chamber due to the
exothermic combustion reaction of the char and some volatiles in
the fuel. However, at the location of the secondary air inlet, the gas
temperature in the furnace first dropped and then rose sharply
resulting from the low-temperature secondary air. In addition, with
the increase in oxygen concentration, the gas temperature also rose
due to the improvement of the exothermic combustion reaction
(Zhou et al., 2022). To investigate the effects and suitable operating
conditions for co-firing of different types of biomasses in a 300MW
coal-fired industrial boiler. A numerical simulation was conducted
to study the combustion of 100% coal and the co-firing of 85% coal
with 15% cotton stalks, corn straw and wheat straw, respectively.
The results showed the temperature distribution along the longi-
tudinal section of the furnace. The furnace was divided into three
regions: ash hopper region, themain combustion zone and burnout
area (see Fig. 7). For all the above combustion and co-firing, the
temperatures of ash hopper area were the lowest, which suggested
less chance of slagging. The temperatures of the main combustion
zone were the highest in furnace and symmetrically distributed.
Compared with the combustion of coal alone, for the co-firing of
coal with corn straw, the temperature rose in the main combustion
zone because the calorific value of corn straw was higher than that
of low rank lignite coal. However, due to the lower calorific value of
cotton stalks and wheat straw, the temperature decreased for the



Fig. 7. The regional division of a 300 MW coal-fired industrial boiler furnace.
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co-firing of coal and cotton stalks and wheat straw, respectively.
However, compared with the combustion of coal, the range of high
temperaturewas broader in themain combustion region for the co-
firing of coal with biomass owing to the higher content of volatiles
in biomass, which contributed to the lower ignition temperature (Li
et al., 2022a).

7.3. The gas distribution of co-firing

The co-firing of coal and biomass in the furnace involved
chemical reactions between a large number of different gases. The
experiments typically only measured the amount of certain
gaseous pollutants in the flue gas, but the detailed distribution of
gases inside the furnace remains unknown. Modeling the gas dis-
tribution by numerical simulation is a good strategy since the gas
distribution profile in the furnace is crucial for figuring out where
chemical reactions occur. A model simulated the co-firing of coal
and biomass in a furnace using the EulerianeLagrangian model.
With the increase in furnace height, the changing trends in the
mass fraction of CO2 were opposite to that of the O2 mass fraction.
At the bottom, as the height increased from 0 m to 2 m, a rapid
decrease in the mass fraction of O2 and the rapid increase in the
mass fraction of CO2 was observed. The main reason was that the
volatile released from fuel was oxidized by O2 to produce CO2. The
fundamental cause of the rapid increase in mass fraction of O2 and
the rapid drop inmass fraction of CO2 as the height rose from 2m to
6mwas the addition of secondary air. With the height continued to
rise to 15 m, the rapid drop in mass fraction of O2 and the rapid
increase in CO2 might be due to the large amount of oxygen con-
sumption by char combustion to produce large amounts of CO2.
After a height of 15 m, the mass fractions of O2 and CO2 stabilized.
Therefore, the lower part of a furnace (<15 m) was where the
combustion reaction of coal and biomass took place. In addition, as
the height of furnace increased, the mass fraction of CO first
increased and then decreased. The increase in mass fraction of CO
might be due to the release of the volatile from fuel. The oxidation
of CO to CO2 might be the cause of the decrease in the mass fraction
of CO (Gao et al., 2023). Another model also based on
EulerianeLagrangian frame simulated the co-firing of coal and
refuse derived fuel (RDF) in a circulating fluidized bed. In the
furnace of the fluidized bed, coal and RDF was fed from two dedi-
cated feed inlets. The RDF inlet was above the coal inlet. The
simulation results showed the time-averaged mass fraction of
gaseous pollutants at different zones of furnace. The O2 content was
very low from the coal feed inlet to the top of the chamber. The
main reason was that coal and RDF required a large amount of
oxygen for co-firing, which suggested that the combustion reaction
was intense in this zone. The CO content was high from the RDF
feed inlet to the top of the furnace, which might be caused by
incomplete combustion and pyrolysis of the fuel in this region. In
this region, the NO content was low because NO could be reduced
to N2 by CO. In addition, the region contained high HCl content due
to the high chloride content in RDF (Kong et al., 2020).

8. Conclusions

In general, the co-firing of coal with biomass is advantageous to
reduce ignition temperature and increase ignition performance
since biomass has a high level of volatility. The addition of biomass
also tends to lower the generation of typical air pollutants like CO2

and SOx in the flue. In addition, during the growth process of
biomass, due to photosynthesis, a large amount of CO2 is absorbed
from the air. Therefore, some studies suggest that biomass should
be considered a carbon neutral material, or even carbon-negative,
and the CO2 released from its combustion should not be included
in the CO2 emission. If carbonaceous materials were left after
combustion of biomass, the combustion of biomass would further
reduce CO2 emissions. However, due to low calorific value, the vast
majority of biomasses result in lower average temperatures in the
primary combustion area. In addition, because biomass ash has a
low melting temperature, the co-firing is more likely to result in
slagging. In order to build on the strengths and avoid the weak-
nesses, choosing appropriate coupling power generation technol-
ogy, operational conditions (such as mixing ratios) and biomass
pretreatment (such as torrefaction) are crucial. A strategy for better
understanding the co-firing of coal and biomass inside the furnace
is by numerical simulations.
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