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Abstract: Resident combustion of solid fuel has been widely acknowledged as a high potential for
pollutant reduction. However, there is a marked asymmetry between more pollutant emission and
less burned volatiles of biomass and coal in the combustion process. To study the solid fuel optimum
combustion form in a household stove, both the pollution reduction and energy efficient utilization
of crop straws and coals were investigated. Taking the molding pressure and clay addition ratio as
variable process conditions, the research of bio-coal briquette (made from the mixture of anthracite
and biomass) was implemented in the range of 15~35 MP and 5~15%, respectively. Biomass and
coal work complementarily for each other’s combustion property development. In particular, the
pyrolysis gas produced by biomass low-temperature devolatilization is featured with low ignition
point and is distributed in the bio-coal briquette. Its own combustion provides energy for anthracite
particle combustion. Consequently, a positive effect was identified when bio-coal briquettes were
used as residential fuel, and further improvement manifested in reducing more than 90% of particle
matter (PM) and achieving about twice the thermal efficiencies (TEs) compared with the mass-
weighted average values of coal briquettes and biomass briquettes. 88.8 ± 11.8%, 136.7 ± 13.7% and
81.4 ± 17.7% more TEs were provided by wheat straw–coal briquettes, rice straw–coal briquettes
and maize straw–coal briquettes. 93.3 ± 3.1% (wheat straw–coal), 97.6 ± 0.2% (rice straw–coal) and
90.4 ± 2.2% (maize straw–coal) in terms of PM2.5 emission factors (EFs) was reduced. For bio-coal
briquette, a 25 MPa and 10% addition were determined as the optimum molding pressure and clay
addition ratio. Bio-coal briquettes with higher TEs and lower PM EFs will bring about substantial
benefits for air quality promotion, human health and energy saving.

Keywords: thermal efficiencies; pollutant emissions; molding; solid fuel; household combustion

1. Introduction

Solid fuel is still one of the major household energy sources in developing countries.
Taking China for example, although China is moving towards cleaner energy sources, such
as natural gas and electricity, raw solid fuels are still often used in daily cooking in rural
areas [1]. Utilization of raw biomass and coal chunk is widely adopted because of their
easy accessibility and low cost. Energy waste, however, is produced with the extensive
domestic use of these low efficiency fuels [2–4] and the generated pollutant emissions
are orders of magnitude higher than those in power stations or industrial facilities [5].
Due to the large amount of solid fuel burning in household stoves, the indoor organic
carbon (OC) and elemental carbon (EC) levels of rural households are significantly higher
than those of urban areas [6]. Over 40% of primary PM2.5 (the particulate matter with
an aerodynamic diameter ≤2.5 µm) is attributed to residential combustion, and 10% of
ambient pollutants are from household cooking fuel in China [7], which thereby seriously

Symmetry 2021, 13, 2223. https://doi.org/10.3390/sym13112223 https://www.mdpi.com/journal/symmetry

https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://doi.org/10.3390/sym13112223
https://doi.org/10.3390/sym13112223
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13112223
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13112223?type=check_update&version=2


Symmetry 2021, 13, 2223 2 of 12

affects the climate [8]. In addition, household residents who use biomass fuels for cooking
have the highest known risk of polychlorinated dibenzo-p-dioxins and dibenzofurans
exposure [9]. It is estimated that global premature deaths caused by PM2.5 exposure to the
ambient and indoor environment due to the use of solid fuels is 2.94 million people and
1.61 million people, respectively [10]. The search for an ideal substitute for the traditional
solid fuel is an urgent call for energy researchers.

The volatile matter is closely related to the solid fuel combustion properties [11,12].
In accordance with intensive investigation, volatile content has been reported to exert
significant influence on pollutant emissions [13–15], which is now controlled as one of
the criteria for the coal’s market access by the national government. There is a consid-
erable gap in PM2.5 EFs between solid fuel characterized by high volatile content (e.g.,
bituminous or lignite) and low volatile content (e.g., anthracite) [14,16]. The argument has
been sufficiently backed up by further studies: the concentrations of PM2.5, 16 Polycyclic
aromatic hydrocarbons (PAHs) and BaP were generally in the order of smokeless coal
< smoky coal < wood < crop residue [15,17,18]. This can be explained by the fact that
more volatile matter aggravates the instability of fuel’s combustion during ignition and
pyrolysis stages [19]. When released within a short period, most of the devolatilized matter
comprises of unburned organic compounds acting as precursors for the PM [16]. Their
ignition performance arrange in the reverse order, which is positively correlated with
volatile matter. Therefore, effective control of volatile matter is a key sector of developing
substitute solid fuel.

Solid fuel combustion form has been identified as a significant influence factor on
energy utilization and pollutant emissions, which are closely related to volatile matter
[15,16]. Furthermore, molding technology, including biomass pellets, biomass briquettes,
honeycomb briquettes and coal briquettes, is considered as an effective pathway to develop
substitute energies with low pollutant EFs and high TEs by domestic and overseas scholars
over the past decades [13,15]. Current studies mainly just focus on the contrast of energy
and pollutant emission when raw materials are molded into briquettes or pellets. Com-
pared with raw biomass fuels, biomass pellets produce much lower pollutant emissions
[20,21], and the TEs are 1.71~3.12 times of raw biomass in an advanced stove as well [22].
Honeycomb-coal briquettes achieved PM EFs reduction by 40–80% compared with coal
chunks [15]. PAHs EFs of coal briquettes also increased compared with that of the raw
coal [23], although previous studies record that they are less one order of magnitude [24].
Anthracite, which is considered as an ideal fuel because of its low pollutant emission, has
been challenged for its low burnout degree and ignition problem [13]. The finding has great
significance for exploring substitute solid fuel; modification of anthracite is a promising
method if the problem of low burnout degree can be solved effectively according to the
natural properties of anthracite. NOx in pulverized coal combustion is reduced by injecting
CO2 into oxidant [25]. Biomass resources are explored as potential alternatives for diesel
to develop low emission technology in the industrial field because of their chemical and
physical properties [26,27]. Using biodiesel as CNG pilot fuel can reduce NOx emission and
smoke [28]. Existing literature [29] has discussed the combustion mechanism of anthracite
coal mixed with different biomass contents, but the effects of molding pressure and binder,
the key technical parameters affecting briquette’s properties [13,30,31], were not taken
into consideration. Clay plays a catalyst role in reducing PM, cracking down the coal
char into carbon and hydrogen and decreasing the PM precursors [13]. This is completely
opposite to the performance in industrial pulverized coal furnace, in which more PM is
produced with the increase in ash content. The distinct combustion style is responsible
for the differences, because ash mainly piles up and is difficult to leave the chimney with
flue gas in household stoves. In addition, PM emissions are also affected by ash content,
which can be adjusted flexibly by molding technology [16]. Red mud mixed in pure coal
briquetting with content of 0% to 10% was reported to play a more essential role on the
reduction of PM2.5 emissions than the briquetting technology [32]. However, considering
the positive effects of the addition of biomass to anthracite briquetting, little record on
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optimum combination of these factors to reduce pollutant emissions and improve TEs has
been founded. Thus, how the pollutant emission produced by these briquettes changes
under different molding pressure and clay content from typical cooking activities is still
unknown, and the active mechanism of mixed briquetting of biomass and coal needs to be
further clarified as well.

The objective of this study is to evaluate the environmental benefits of briquette
produced under different production process conditions as household cooking fuel in
the same combustion condition, in search of an ideal substitute solid fuel by molding.
This study contrasts and reassesses the results of TE and PM EFs between biomass and
coal with different combustion forms, and intensely investigates the relationship between
combustion properties and pollutant emissions. The influence of molding pressure and
clay-adding content upon bio-coal briquette were investigated according to the revealed
acting mechanism of molding technology.

2. Materials and Methods
2.1. Solid Fuel Samples

China is a large agricultural country. Crop straw are cheap, easily available and
renewable resources [29]. Three main crop straws (maize straw, wheat straw and rice
straw) from Xuzhou in Jiangsu province and anthracite (diameter of ~3 cm) from Shanxi
province were used for this study (the details of raw materials are showed in Table 1).
A typical thermogravimetric analysis (TGA) was conducted of the tested anthracite and
biomass samples using a heating rate of 5 (K/min) under air atmospheres (see Figure S1).

Table 1. Fuel quality information obtained by proximate, elemental analysis and net calorific values for tested samples in
this study.

Fuel Form
Mar Ad Vd Vdaf FCd St, d N C H Qnet,ar
(%) (%) (%) (%) (%) (%) (%) (%) (%) (MJ/kg)

Wheat straw
Raw 5.68 8.97 74.04 81.34 16.99 0.33 0.61 42.72 6.16 14.90

Briquette 15.78 14.01 81.20 94.43 4.78 0.28 1.49 34.29 4.67 13.41

Rice straw
Raw 6.36 10.38 74.31 82.92 15.31 0.28 0.68 41.27 6.21 13.42

Briquette 7.28 22.87 69.85 90.56 7.28 0.22 1.26 36.33 4.34 12.08

Maize straw
Raw 5.44 5.03 80.58 84.85 14.39 0.37 0.90 43.70 6.36 15.04

Briquette 7.14 17.93 74.61 90.91 7.46 0.19 1.39 37.66 4.65 13.54

Anthracite
Chunk 4.77 13.10 6.25 7.19 80.65 0.35 1.13 78.51 3.06 28.79

Briquette 4.46 20.51 11.34 14.27 68.16 0.32 1.13 71.95 2.36 25.91

Blends with coal
Wheat straw 3.45 18.95 23.04 28.42 58.01 0.31 1.06 64.92 2.75 23.13

Rice straw 5.11 20.11 26.20 32.80 53.69 0.26 1.18 65.05 3.01 22.84
Maize straw 3.90 19.89 19.59 24.45 60.52 0.33 1.16 67.77 2.88 23.85

These briquettes and bio-coal briquettes were made with the same process technology:
1 mm (particle size), 25 MPa (molding pressure), ellipse shape (3 cm diameter and 2 cm
height) and 10% clay (bonding agent).

To investigate the influence of the molding pressure on the TEs and PM EFs, the three
bio-coal briquette samples were produced with five different molding pressures: 15, 20, 25,
30 and 35 MPa, and other process conditions were the same with the above.

To investigate the influence of clay-adding content on the TEs and PM EFs, the three
bio-coal briquette samples were manufactured with five different clay-adding contents: 5,
7, 10, 12 and 15%, and other process conditions were the same with the above.

Nature drying method was adopted for crop straw to reach the common use level,
and all briquettes were dried in an oven at 60 ◦C for 12 h.

2.2. Household Cooking Stove and the Measurement of TEs

The measurement method for TEs adopted in our research has been reported in a
previous publication [29]. A household cooking stove, typical in Chinese families, was
chosen for the combustion experiment, the fuel mass for each test was fixed 1.0 kg (biomass
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briquettes), 2.0 kg (coal and bio-coal briquettes) and 2.5 kg (coal chunks) according to the
furnace capacity, and 4 kg water in a kettle was put on the stove to measure TE of each
solid fuel on the basis of its increased temperature, which is monitored and recorded by a
thermocouple in the pot mouth. It was calculated as Equation (1).

TE = MwCw∆T/McQc (1)

where Mw is water mass in kettle, Cw is the heat capacity of water, ∆T is increased tempera-
ture of water, Mc is the fuel mass for each test and Qc is the net received calorific value of
solid fuel.

2.3. Pollutant Collection System and Analysis Methods

The simulated residential combustion, as reported in a previous publication [29], was
adopted in our research. A well-sealed room, sized 2 × 2 × 2.5 m, was made to place the
household cooking stove. There was a flue gas pipeline with 22 cm in diameter connected
to the top of the room, and two high efficiency particulate air filters were used to purify the
inlet and outlet gas to the system. They were installed, respectively, in the rear of the pipe
and one side of the room, and each was equipped with a high-powered fan to inject a large
amount of purified air to dilute smoke from the solid fuel combustion and then discharge it
into the air over time. A particular sampling device was connected with the dilution tunnel
at a location of 3 m away from the cooking stove, including PM2.5 cyclone (16.7 L/min;
URG-2000-30 EH; URG Inc.), PM1.0 (16.7 L/min; URG-2000-30EHB; URG Inc.) and TSP
sampler (homemade). The particle samples were collected on quartz-fiber filters (Pall;
2500QAO-UP; 47 mm diameter) and were weighted with a microbalance with a resolution
of 10 µg. For accurate measurement, the quartz filters were stored in a temperature and
humidity chamber (25 ◦C, 40% relative humidity) for 24 h before and after sampling. The
flue gas was monitored continuously with flue gas analyzers (Thermo Scientific; 48i, 43i,
and 42i for CO, NOX, and SO2, respectively; Thermo Fisher Scientific Inc., Waltham, MA,
USA), and CO2 m (GC-0012; Gas Sensing Solutions Ltd., Cumbernauld, Scotland.) over
the entire combustion process. In order to ensure the results of scientific accuracy and
reliability, each test was repeated three times in addition to the simultaneous sampling,
and one-way ANOVA analysis was employed to confirm the validation of experimental
results.

The EFs were calculated according to the mass-based (EFm) and delivered energy-
based (EFt). The EFm was estimated as Equation (2).

EFm = M f × F/Mc (2)

where Mf is particle mass collected, Mc is the mass of solid fuel and F stands for the ratio of
total flow rate in the dilution tunnel to the sampling flow rate.

EFt is derived by EFm following the equation (Equation (3)).

EFt = EFm/(TE × Qc) (3)

To evaluate the combustion properties of bio-coal briquette, the mass-weighted av-
erage EFb–c (Equation (4)) and TEb–c (Equation (5)), which was interpolated between the
values for 100% biomass and 100% coal according to the mass inclusion of biomass and
coal, were introduced.

EFb−c = EFb × b% + EFc × c% (4)

TEb−c = TEb × b% + TEc × c% (5)

where EFb, EFc, TEb and TEc are EFs and TEs of biomass briquettes and coal briquettes,
respectively, b% and c% stand for proportion of biomass and coal.
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3. Results
3.1. Combustion Properties of Bio-Coal Briquettes: High TEs and Low PM EFs

As is presented in Figure 1 (details in Table S1), the TEs of bio-coal briquettes were
8.5~10.7%, and the PM EFs were 0.3~0.36 mg/kJ. A total of 88.8 ± 11.8%, 136.7 ± 13.7% and
81.4 ± 17.7% more TEs were provided by wheat straw–coal briquettes, rice straw–coal bri-
quettes and maize straw–coal briquettes, compared with the mass-weighted average ones.
Meanwhile, ~90% PM was reduced, namely 93.3 ± 3.1% (wheat straw–coal), 97.6 ± 0.2%
(rice straw–coal) and 90.4 ± 2.2% (maize straw–coal) in terms of PM2.5 EFs reduction. The
PM2.5 EFs of wheat straw–coal briquettes, rice straw–coal briquettes and maize straw–coal
briquettes were very close to that of anthracite chunks. At the same time, the TEs were
much higher than that of anthracite briquettes. The EFs of CO, SO2, NO2 and CO2 of
bio-coal briquette displayed a similar tendency with those of PM (see Figure S2; details
in Table S2). The energy-based EFs for CO, SO2, NO2 and CO2 were significantly lower
in comparison to the calculated mass-weighted averages (p ≤ 0.001), and performed ad-
vantages over anthracite chunks and briquette as well (p ≤ 0.001). Further improvements
were discovered with respect to TEs increase and PM EFs reduction for bio-coal briquettes,
based on the data of biomass briquettes and coal briquettes, according to their proportion.
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Figure 1. PM EFs and TEs of anthracite chunks, anthracite briquette, bio-coal briquettes and the
corresponding mass-weighted average ones. M-WS-C, M-RS-C and M-MS-C are the measured
values for wheat straw–coal briquettes, rice straw–coal briquettes and maize straw–coal briquettes,
respectively. C-WS-C, C-RS-C and C-MS-C are their corresponding mass-weighted average ones on
the data of biomass briquettes and coal briquettes.

3.2. Influence of Molding Pressure on PM EFs and TEs of Bio-Coal Briquettes

The EFs of TSP, PM2.5 and PM1.0 and TEs of bio-coal briquettes are manufactured
with five different molding pressures (10, 15, 25, 30 and 35 MPa) compared with the
mass-weighted ones, and are listed in Figure 2 (details in Table S3).
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Figure 2. PM EFs and TEs of bio-coal briquettes various with different molding pressures, in contrast
with the corresponding mass-weighted average ones: (a) wheat straw, (b) maize straw and (c) rice
straw.

The TEs were 5~8.5%, 5.7~8.8% and 7.2~10.7% for bio-coal briquettes with maize
straw, wheat straw and rice straw, respectively. The PM2.5 EFs were 0.34~3.83 mg/kJ,
0.36~2.64 mg/kJ and 0.3~1.87 mg/kJ. Compared to mass-weighted ones, the bio-coal
briquettes’ TEs raised by 6.7~81.4%, 21.2~88.8% and 58.6~136.7% (p ≤ 0.001), and the
PM2.5 EFs diminished by −8~90.4%, 50.5~93.3% and 84.8~97.6% (p ≤ 0.001). The PM
EFs presented a trend that decreased at first then rose up as the molding pressure kept
amplifying while the TEs followed a complete similar but opposite development curve
with the same turning point of 25 MPa regarding all the three bio-coal briquettes.

3.3. Influence of Clay Addition Ratio on PM EFs and TEs of Bio-Coal Briquettes

Figure 3 (details in Table S4) shows EFs of TSP, PM2.5 and PM1.0 and TEs from three
bio-coal briquettes with five different clay addition ratios, e.g., 5%, 7%, 10%, 12% and 15%,
compared with the mass-weighted average ones with an optimum clay addition ratio. The
TEs were 6.9~8.2%, 6.2~8.8% and 6.2~8.4% for bio-coal briquettes with maize straw, wheat
straw and rice straw, respectively. The PM2.5 EFs were 0.26~1.75 mg/kJ, 0.89~1.65 mg/kJ
and 0.89~3.29 mg/kJ. In comparison with the mass-weighted ones, bio-coal briquettes
showed considerable increases of 47.5~75.2%, 32.8~88.6% and 37.4~85.8% in terms of TEs
(p ≤ 0.001), and a reduction of 50.7~92.7%, 69.1~83.3% and 73.3~92.8% in terms of PM2.5
EFs (p ≤ 0.001). The three briquettes presented a similar trend in both TE and PM EFs
with the mounting of clay proportion. There was a positive correlation between TEs and
clay proportion when it was less than 10%, and a negative correlation when it exceeded
the defined percentage. The opposite trend was discovered when PM EFs were under
investigation.
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Figure 3. PM EFs and TEs of bio-coal briquettes varied with different clay addition ratios, in contrast
with corresponding mass-weighted average ones at an optimum clay addition ratio: (a) wheat straw,
(b) maize straw and (c) rice straw.

4. Discussion

The significantly lower pyrolysis temperature of biomass compared with anthracite
is an important reason for the TE development of bio-coal briquettes. The combustion
process of biomass includes three stages: volatile removal, volatile combustion and biomass
coke combustion. Among them, the first two stages account for most of the process. The
combustion of biomass in bio-coal briquette occurs in anoxic combustion state, and the
pyrolysis phenomenon is more obvious [33]. The pyrolysis gas produced by biomass
low-temperature pyrolysis is characterized by low ignition point. It is believed that the
burning of the pyrolysis gas in the bio-coal briquette provides energy for anthracite particle
combustion. In order to support this hypothesis, the pyrolysis of biomass and anthracite
were analyzed by TGA-MS at a heating rate of 5 (K/min) in argon atmosphere. They were
tested using a thermogravimetric analyzer (Setsys evolution16/18, Setaram, France) and
a mass spectrometer (Omnistar GSD 301, Pfeiffer, Germany). As shown in Figure 4, the
pyrolysis temperatures of biomass and anthracite were different (200–350 ◦C for biomass,
but over 500 ◦C for anthracite). Biomass released a large amount of CH4 gas at a lower py-
rolysis temperature. The generation of such low ignition point gases by biomass pyrolysis
at lower temperatures can strongly confirm that biomass exerts a combustion-supporting
effect on anthracite.
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Figure 4. TGA-MS analysis of the tested anthracite and wheat straw biomass samples using a heating
rate of 5 (K/min) in an argon atmosphere. The rate of residual mass and the release of CH4 (m/z = 16)
were monitored when the heating temperature increased from 25 to 700 ◦C.

This result further identified that the PM2.5 EF reduction of bio-coal briquette is mainly
attributed to the combustion-supporting effect of low-temperature pyrolysis gas produced
from biomass at the temperature range of 200–350 ◦C. Due to the insufficient combustion
of biomass and coal briquette, less volatiles are burned and more pollutants are discharged,
leading to an asymmetry between burned volatile matter and pollutant emission. In accor-
dance with the above analysis, the TE improvement means that combustion completeness
increased with the addition of biomass, which reduces the unburned volatile matter of PM
precursor [16]. The regression analysis results show that the PM2.5 EFs of bio-coal briquette
(y, mg/kJ) and the pyrolysis mass loss rate of biomass at 200–350 ◦C (x, %) highly accorded
with the following quadratic function:

y = 0.0064x2 + 0.1026x + 0.0091
(maize straw − coal, R2 = 0.9918, P = 0.009)

(6)

y = 0.0132x2 − 0.0991x + 0.6856
(wheat straw − coal, R2 = 0.9986, P = 0.006)

(7)

y = 0.0224x2 − 0.2109x + 0.6809
(rice straw − coal, R2 = 0.9979, P = 0.008)

(8)

Figure 5 indicates that the measured values were in good agreement with the measured
values. The pyrolysis mass loss rate of biomass at 200–350 ◦C can accurately predict the
PM2.5 EFs of bio-coal briquette. The PM2.5 EF of different bio-coal briquettes was well
-correlated with the pyrolysis mass loss rate of biomass at 200–350 ◦C. Previous studies
have also shown that the characteristics of rich alkali (earth) metals and a high H/C ratio
in biomass contribute to the formation of volatile matter from powdered coal particles,
promoting the combustion of anthracite [34,35].
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Figure 5. Measured and predicted PM2.5 EFs for the bio-coal briquettes mixed with different biomass: (a) wheat straw,
(b) rice straw and (c) maize straw. The predicted values were obtained by the mass loss rate of the biomass in bio-
coal briquettes pyrolysis at 200–350 ◦C. The illustration in the lower right corner shows the mass loss of the biomass
pyrolysis curve.

In addition, the different ignition points between crop straws and coals are responsible
for bio-coal briquette’s high TEs and low PM EFs. The porous structure of bio-coal bri-
quette provides sufficient oxygen via pore penetration. The biomass volume shrinks after
burnout [36], which will further enrich the gas passage to promote coal combustion with
more sufficient oxygen and lead to complete combustion of the anthracite component [29].
The above reasons are not only promising keys to the problem of insufficient combustion
when biomass and briquette are burned separately, but are also highly effective in reducing
the emission of volatile matter and pollutants, and achieving the symmetry of burned
volatile matter and pollutant emission.

Molding pressure to a large extent determines briquette’s compactness, which affects
the thermal diffusion of volatile matter and oxygen concentration inside bio-coal briquettes.
Figure 6 demonstrates that the compactness between particles raised at first then decreased
with a turning pointing of 25 MPa, as the molding pressure kept amplifying. Both the
number and size of holes were reduced with the increase of molding pressure, and the
compactness of 25 MPa was the largest. Cracks produced by the elastic impact of the
interparticle structure began to appear when the molding pressure exceeded 25 MPa. With
the continuous increase of pressure, cracks gradually grew with the growth of pressure.
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Figure 6. Cross-section SEM images of typical samples molded with different pressures: (a) 15 MPa, (b) 20 MPa, (c) 25 MPa,
(d) 30 MPa and (e) 35 MPa.



Symmetry 2021, 13, 2223 10 of 12

They were observed by scanning electron microscopy (SEM; SU1510, Hitachi Ltd.,
Tokyo, Japan). The compactness of bio-coal briquettes was too low to allow volatile matter
of biomass in bio-coal briquette release slowly and steadily when the molding pressure
was less than 25 MPa. Therefore, a substantial amount of energy was dissipated with
the accumulated incomplete combustion matter resulting from the volatile matter’s rapid
release. With the increase of molding pressure, this phenomenon was alleviated and an
optimum effect of high TE and low PM EFs was achieved at 25 MPa. When it reached over
25 MPa, as the cracks grow, the volatile matter was released unsteadily and the insufficient
oxygen distribution continues unevenly. Combustion instability and low burnout degree,
consequently, gave rise to sustained incomplete combustion. As one of the major outcomes
of the process, the incomplete combustion organic compound not only is the precursor of
PM, but also acts as the energy carrier. It can be concluded that the accumulated PM EFs
with the increase of molding pressure extended from 25 MPa to both sides, as well as the
energy dissipation. Accordingly, the optimum combination of volatile matter release and
oxygen concentration was certified as 25 MPa.

The devolatilization during bio-coal briquette combustion can be adsorbed by clay, and
then clay acts as a catalyst to decompose the devolatilization and burn it [13,32], improving
the combustion completeness of fuel. In addition, the increase of clay proportions within a
certain range makes the bonding effect significantly better and the volatiles can be more
thoroughly burned. Therefore, the TE kept improving till the amount of clay reached
10%, and the opposite trend was curved by PM EFs. However, excessive clay impairs
the energy density of briquette and affects the heat and mass transfer. When the clay
ingredient exceeds 10%, more PM precursors and energy dissipation occur. Based on the
above analysis, a 10% addition was determined as the optimum clay-adding proportion,
according to experimental results.

5. Conclusions

This study focuses on the TEs and PM EFs. The bio-coal briquettes were compared
with pure coal briquette and pure biomass briquette in terms of these two perspectives. The
influence of molding pressure (15~35 MPa) and clay content (5~15%) were also investigated
on the above two parameters of bio-coal briquettes. Burned in a household-cooking stove,
bio-coal briquettes achieved significantly better combustion properties, including higher
TEs than coal briquettes and similar PM EFs to that of coal chunks. The TEs of bio-coal
briquettes were 8.5~10.7%, and the PM EFs were 0.3~0.36 mg/kJ. A total of 88.8 ± 11.8%,
136.7 ± 13.7% and 81.4 ± 17.7% more TEs were provided by wheat straw–coal briquettes,
rice straw–coal briquettes and maize straw–coal briquettes, compared with the mass-
weighted average ones. Meanwhile, ~90% PM was reduced, namely 93.3 ± 3.1% (wheat
straw–coal), 97.6 ± 0.2% (rice straw–coal) and 90.4 ± 2.2% (maize straw–coal) in terms of
PM2.5 EFs reduction. The mixture successfully maintains low PM emissions of anthracite
and promotes ignition performance owing to crop straws. The PM2.5 EF reduction of
bio-coal briquette can mainly be attributed to the combustion supporting effect of low-
temperature pyrolysis gas, which is produced from biomass at the temperature range of
200–350 ◦C. The pyrolysis gas produced by the biomass low-temperature pyrolysis has low
ignition point and is distributed in the bio-coal briquette that provides energy for anthracite
particle combustion by burning itself. A regression model for predicting the PM2.5 EFs
of bio-coal briquette by the mass loss rate of biomass pyrolysis at the temperature range
of 200–350 ◦C was established as well. The optimum molding pressure and clay-adding
content was determined as 25 MPa and 10%, to ensure bio-coal briquettes attain the highest
TEs and the lowest PM EFs. The molding pressure successfully achieved the goal of
energy conservation and emission reduction by adjusting the compactness of the internal
structure of the briquette. After excessive addition of clay, the advantages of the clay
catalytic combustion and clay bonding effect turned out to be a harmful factor, due to their
obstruction to heat and mass transfer. The findings in this study provide valuable reference
information on the utilization of raw solid fuel in household stoves. The replacement of
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present solid fuel by bio-coal briquettes for residential combustion is a promising pathway
to reduce PM emissions and raise energy utilization rate. This will hopefully generate
positive improvements in air quality and human health.
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samples with different molding pressure in this study, Table S4: PM EFs and TEs of tested samples
with different clay addition ratio in this study, Figure S1: TGA analysis of tested raw material samples
using a heating rate of 5 K/min under air atmospheres, Figure S2: Energy based EFs for CO, SO2,
NO2 and CO2 of anthracite chunks, anthracite briquettes, bio-coal briquettes and corresponding
mass-weighted average ones.
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