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Co-Firing Ramie Residue with Supplementary Coal in a
Cyclone Furnace
Qiguo Yi,a, b, Fangjie Qi,a Bo Xiao,c Zhiquan Hu,a,c,* and Shiming Liu a
Co-firing ramie residue with coal was carried out in a thermogravimetric
analyzer and a cyclone furnace to evaluate the effects of coal fraction (0
to 30 wt. %) on combustion performance. Thermogravimetric analysis
(TGA) results showed that devolatilisation was the predominant process
when the coal percentage in the blend was below 30 wt. %. For pure
biomass firing in the cyclone furnace, an optimum equivalence ratio (ER
=1.16) was found. Coal additions (0 to 30 wt. %) led to less
slagging/fouling problems, higher combustion temperature and higher
combustion efficiency along with low pollutant emissions, while the
improvement in combustion temperature was weakened as the coal
blend ratio exceeded 20 wt.%. The maximum temperature in the cyclone
furnace increased from 1215 to 1319°C as the coal fraction increased
from 0 to 30 wt.%.
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INTRODUCTION
Ramie (Boehmeria nivea), also known as “China grass,” is widely cultivated in
China for its fiber from its woody stems; it is used as endemic textile raw material.
China's production of ramie has accounted for more than 90% of the world-wide
production. However, residual decorticated stems amount to approximately 4.5 million
tons annually. Conventional methods for disposal of ramie waste include burning in
stacks and dumping in landﬁlls, which result in serious environmental pollution and also
enormous waste of resources. The reuse of ramie residue as potential bio-energy will be
essential.
In recent years, many technologies, such as combustion, pyrolysis, and gasification have been studied for their possible use with agricultural waste. Ramie residue is
also used in papermaking, fiberboard manufacture, and ethanol production. Nowadays,
combustion is the simplest and most direct technology available for biomass utilization
(Dai and Grace 2008). A novel lab-scale cyclone furnace was designed based on biomass
micron fuel (BMF) with a particle size of less than 250 μm (Luo et al. 2009). Biomass
fuels require relatively long residence time in a high-temperature region in order to avoid
the escape of high volatile substances. This can be easily achieved by the combustion of
BMF in the cyclone furnace due to rotary combustion upwards along the furnace wall.
Smaller particle size improves heating and combustion rates of biomass and shortens the
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residence time required; the flame stability in the cyclone furnace can be fulfilled with
lower equivalence ratio (ER) (Luo et al. 2009, 2010).
However, combustion of pure biomass will result in severe problems of slagging
and corrosion due to high alkali and chlorine content, which can be effectively controlled
by co-ﬁring biomass with coal. Furthermore, coal addition may increase the heating value
(Haykiri-Acma and Yaman 2008). Thus, co-ﬁring is an alternative for solving these
drawbacks including seasonal shortage of biomass.
Co-ﬁring of biomass together with a base fuel in a boiler is a simple and
economically suitable way to replace fossil fuels, which can reduce NOx, SOx, and fossil
fuel derived CO2 emissions. In previous studies (Haykiri-Acma and Yaman 2008;
Leckner 2007; Munir et al. 2009, 2010a, 2010b, 2011; Narayanan and Natarajan 2007;
Sami et al. 2001; Skodras et al. 2002; Tillman 2000; Wang et al. 2011) biomass was
typically utilized as a secondary fuel; however, it may also be used as a primary fuel in
co-combustion with coal (also referred to as 'reverse co-firing'). To the authors’ knowledge, very few studies on reverse co-firing have been reported (Madhiyanon et al. 2009,
2011; Sathitruangsak et al. 2009). In the present study, we examined the feasibility of coﬁring ramie residue with coal in the cyclone furnace. The effects of the coal blend ratio (0
to 30 wt. %) on the combustion temperature, slagging/fouling, and fuel gas emissions
were investigated.

EXPERIMENTAL
Materials
The feedstock materials of BMF in this work were from ramie residue obtained
from a farm in Xianning City, Hubei Province, China. The coal was from Shanxi
Province, China. The particle size of the samples was less than 0.250 mm. Ultimate and
proximate analyses are presented in Table 1. Tests were carried out with different
coal/biomass ratios of 10, 20, and 30% on a mass basis (12.5, 24.3, and 35.5% on an
energy basis), respectively. The particles were mixed intensively before firing into the
furnace to ensure the homogeneity of the fuel.
Table 1. Ultimate and Proximate Analyses of the Samples
Sample
BMF
Coal

C
49.42
±0.06
55.92

Ultimate Analysis (wt.%, d)
a
H
O
N
S
7.82
41.47
0.12
0.06

Proximate Analysis (wt.%, ad)
a
MC
VM
FC
Ashd
8.07
76.50 14.41
1.11

±0.02 ±0.06 ±0.05 ±0.008 ±0.26 ±1.27 ±0.57 ±0.18
3.47

5.34

1.03

±0.13 ±0.02 ±0.14 ±0.03

1.08

±0.01

1.26

22.08

43.92

HHV
(MJ/kg)
19.37

±0.32

33,16

24.90

±0.10 ±0.45 ±0.35 ±0.49

±0.41

a

d: dry basis; ad: air-dry basis; Calculated by difference.

Thermogravimetric analysis was carried out by TA Instruments system (Diamond
TG/DTA, Perkin Elmer Instruments) in an air atmosphere at a heating rate of 20°C/min.
from ambient to 800°C. A sample mass of 3.5±0.5 mg was used for each experiment; all
the experiments were repeated, and the mean values were used provided that the
deviations were within 5%. Although extrapolation of TGA results to other devices at a
larger scale cannot be performed directly, the information obtained from the DTG
profiles could be used for an initial evaluation of the combustion behaviour on an
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industrial scale. This would prove very useful both from a fundamental viewpoint and for
the comparison of samples
Apparatus and Procedures
The lab-scale combustor primarily consists of a cyclone furnace, a temperature
measurement system, a fuel supply system, and an air supply system (Fig. 1). The tubular
furnace made of steel has a length of 3000 mm and an inner diameter (i.d.) of 250 mm.
The inner walls are refractory lined over the whole length of the chamber and externally
with ceramic ﬁber. The top is coned shape in order to reduce dust particles in flue gas. To
facilitate gas/solid sampling, 18 utility ports are distributed radially along the length of
the furnace. The combustor is divided into three cross sections along the chamber and
each section is evenly distributed with three thermocouples through the available ports.

Fig. 1. The structure ﬁgure of BMF cyclone combustion system: 1 centrifugal fan; 2 flow meter; 3
screw feeder; 4 chimney; 5 thermocouple

Pulverized fuel (a mixture of BMF and coal) was pneumatically fed tangentially
to the furnace wall at the bottom by a high-pressure centrifugal fan and screw feeder.
This was intended to simulate the flow pattern in the cyclone furnace. Fuel and air
underwent intensive mixing between the screw feeder and cyclone furnace. The feeding
rate was controlled by an electric motor. Extensive trial tests were conducted to select
reasonable operation conditions in this study. Fuel was added to the screw feeder at the
start of each run. The chamber was preheated with coal gas. The ignition temperature of
the BMF is about 260°C derived from the TGA above. Therefore, the screw feeder and
centrifugal fan were simultaneously started when the temperature at the bottom of the
furnace rose above 260°C. The temperatures of each point were recorded by a data logger
with an accuracy of ±1°C. The exhaust gas was analyzed by a Delta 2000CD-IV gas
analyzer. The accuracy of gas (NOx, SOx, and CO) measurement was ±5% reading.
The duration of each test run was about 4 h, of which 0.5 h was used to achieve
steady state. Steady state was determined by temperature and exit O2 level. After steady
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state was reached, flue gas concentrations were monitored every 10 min for a 2 h period.
Each experiment was repeated three times. The data reported in this study are average
value of the replicates, and the relative standard deviation was within 10%. The overall
thermal input to the combustor was ﬁxed at 160 kW. The effect of coal blend ratios (0 to
30 wt. %) on combustion performance was investigated for the optimum equivalence
ratio (ER).

RESULTS AND DISCUSSION
Thermal Characteristics of the Samples under Air Atmosphere
The mass loss (TG) and derivative (DTG) curves of the samples are presented as a
function of temperature in Fig. 2.

Fig. 2. TG and DTG curves of the samples at different coal blend ratio

An initial mass loss occurred between the temperatures of 25 and 135°C for all
samples, due to moisture evaporation. After that, the combustion of the BMF is divided
into two stages (Gil et al. 2010): oxidative degradation (stage B) and char combustion
(stage C). Stage B, which occurred from 135 to 390°C, corresponded to the release and
combustion of volatile compounds generated during the decomposition of hemicellulose
and cellulose, along with some decomposition of lignin. In stage C (390 to 527°C), the
remaining lignin is decomposed and the char residues are combusted. As suggested by
Jeguirim et al. (2010), the second stage of mass loss was attributed to the fast combustion
of reactive combustibles and the slow oxidation of the less reactive combustible part.
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However, the DTG curve for coal had one overlapping peak at 536°C and a shoulder
section. Contrary to the results found by Li et al. (2011), the ﬁxed carbon in the ramie
residue burnt faster than that of coal. This observation may be due to the lower ash
content in the ramie residue than that in the tobacco residue. Moreover, increasing the
coal fraction tended to slightly delay thermal degradation processes towards higher
temperatures at stage B. Meanwhile, the volatility causing early release of a signicant
quantity of volatiles promoted early ignition of the mass of fuel. Thus, the blend burning
started earlier than pure coal, which enhanced the thermal reactivity of coal. In contrast,
at stage C, the maximum rate of mass loss increased with an increase of the coal blend
ratio, indicating that the higher amount of coal in the blend resulted in faster mass loss at
a high temperature. This is due to the fact that coal had a higher carbon content, which
enhanced the combustion of the char at the high temperature stage. The volatiles burned
rapidly at a low coal fraction (0 to 30% by mass) in blends. The higher VM content of the
biomass can also result in a highly porous char, thus accelerating the char combustion
(Tillman 2000). Overall, devolatilisation was the predominant process when the coal
percentage in the blend was below 30 wt. %.
Effect of Coal Blend Ratio on Combustion Temperature and Combustion
Efficiency
In order to compare the effects of coal addition, tests of only biomass firing while
keeping the optimum ER were taken as the baseline. The combustion efficiency at each
run can be calculated according to the CO and the CO2 emissions in flue gas, and the
unburned carbon in ash. The unburned carbon in the ﬂy ash and the bottom ash was quite
limited when burning the BMF in the cyclone furnace; thus, the combustion efficiency
was mainly determined by the concentration of CO and CO2 in flue gas as follows:
e ff 

C O 2 % 

(1)

C O %   C O 2 % 

Equivalence ratio (ER) is deﬁned as the actually fed air weight divided by the
stoichiometrical air weight. ER is a key factor to estimate combustion performance.
Therefore, the effect of ER from 0.96 to 1.26 was evaluated by altering the air ﬂow. The
value of ER directly influenced the measured temperature at different sections inside the
combustor. Temperature proﬁles along the combustor corresponding to the steady state
process are presented in Figure 3. The temperatures measured at different points were
very sensitive to ER. Under the experimental conditions, the highest temperature was
observed at the bottom of the combustor. The temperature gradually decreased across the
reactor’s height due to the heat loss across the wall. According to the above TGA
analysis, most of the BMF volatiles evolved between 135 and 390°C, and generated most
of the heat. Thus, the observed temperature peak was mainly due to the intense
combustion of volatiles near the burner. Tarelho et al. (2011) and Al-Widyan et al.
(2006) have reported similar results.
The temperatures of the different sections were very sensitive to ER. When the
ER varied from 0.96 to 1.26, the temperatures of different sections synchronously
increased and then decreased slightly. When the ER was 1.16, the BMF burned
completely when enough oxygen was supplied, while the exhaust gas heat loss was
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minimized. Thus, the temperature of different sections were simultaneously maximized.
The combustion efficiency rose to 97.37%.
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Fig. 3. Effect of ER on combustor temperature and combustion efficiency for pure biomass

Hence, the ER was ﬁxed at 1.16±0.04 throughout the series of co-ﬁring tests,
which corresponded with a ﬂue gas O2 level of about 3.0±0.2% (dry). It may be readily
noticed in Fig. 4 that the temperature profile of the combustor simultaneously increased
when the coal blend ratio varied from 0 to 30 wt. %. A similar trend was reported with a
20 kW down-fired combustor (Munir et al. 2010b) and a short-combustion-chamber
ﬂuidized-bed combustor when increasing the coal blend ratios (Madhiyanon et al. 2011).
Since coal has a higher carbon content and higher heating value when compared to
biomass (e.g., Table 1), small additions of coal may increase the heating value of fuel and
increase the combustion temperature. The maximum temperature rose from 1215 to
1319°C when the coal blend ratio increased from 0 to 30%. In addition, the effect of the
coal blend ratio on the bottom section temperature was much greater than that of the
middle and the upper sections. This could be caused by the fact that coal is heavier than
the biomass; coal particles tended to stay at the combustor bottom longer than the
biomass. Therefore, as the coal blend ratio increased, so did the bottom temperature.
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Fig. 4. Effect of coal blend ratio on combustor temperature for ER=1.16
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The observed improvement leveled out as the coal blend ratio rose above 20%.
This observation can be explained as follows. As the ER was 1.16, the temperature in the
combustor was a result of two competitive effects: the flame intensity and the modest
calorific value of the biomass. The Shazadeh and DeGroot expression (Tillman 2000) can
be used to relate these two competing effects:
If   dw d t   h

(2)

where If is flame or reaction intensity, dw/dt is the weight loss with respect to time,
measured by TGA, and h is the heat content of the fuel particle. The rapid weight loss of
the biofuels when compared to any coal (shown in Fig. 2) offset the modest caloric value
of biomass (Tillman 2000). This process of volatile release can be enhanced by using
smaller particles. BMF ignites rapidly and supports earlier ignition of the entire mass of
fuel in the furnace. Moreover, additional air is needed for coal combustion due to its
lower oxygen content versus that of biomass. This results in more supply air that must be
heated (Jenkins et al. 1998) along with more heated exhaust gas, representing a heat loss.
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Analysis of Flue Gas
The flue gas compositions were measured for an ER of 1.16, and the results are
shown in Fig. 5. It is intriguing that even though burning coal was inherently more
difficult than burning ramie residue, the CO emissions diminished and the combustion
efficiency was enhanced when increasing the coal fraction. This observation can be
explained (Sathitruangsak et al. 2009), since the volatiles for the pure ramie residue
combustion may be partially transformed subsequently into CO in the upper regions of
the combustor and escape at the exit. Additionally, with higher coal content, the blend
fuel liberated less volatiles near the top of the combustor, resulting in less CO being
generated.
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Fig. 5. Effect of coal blend ratio on SO2 and NOx emissions, and combustion efficiency for
ER=1.16

As shown in Fig. 5, the NOx emission only increased slightly with the increase in
the proportion of coal in the blend, despite the high N content in the coal compared with
the biomass. Previous studies virtually indicated that not only were the NOx emissions
dependent upon N-fuel content, but also on the operating conditions (i.e. excess air and
combustor temperature) and the fuel characteristics (Gani et al. 2005; Skodras et al.
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2002). Moreover, the dependence of SO2 emissions on the coal fraction was shown in
Fig. 5. As expected, increased SO2 emissions were relative to increased coal blend ratio.
However, the exhaust emissions complied well with air pollutant regulation requirements.
Fouling and Slagging
The ash of the biomass is more alkaline in nature, particularly with the sodium
and potassium levels. Sodium and potassium lower the melting point of the ash, which
may aggravate the fouling problems that can occur during combustion (Sami et al. 2001).
All ash samples were collected on air-cooled probes in the furnace in order to evaluate
the inﬂuence of co-ﬁring biomass with coal on ash properties. The chemical compositions
of ash samples obtained from the co-firing tests are partly presented in Table 2. Ash
behavior and deposition tendencies were predicted through the use of empirical indices.
These indices (Vamvuka and Kakaras 2011) are the alkali index and the base-to-acid
ratio. The alkali index is given by the following expression:
AI =

 % N a 2O

 % K 2O

 a s h c o n te n t

(3)

LHV

The alkali index (AI) expresses the quantity of alkali oxide in the fuel per unit of fuel
energy (kg alkali/GJ). When the alkali index values are in the range 0.17 to 0.34 kg
alkali/GJ, fouling or slagging is probable, whereas when values are greater than 0.34,
fouling or slagging is virtually certain to occur (Dayton et al. 1999; Miles et al. 1996).
The base-to-acid ratio is defined as (Vamvuka and Kakaras 2011),
R b /a 

% (F e 2O 3  C aO  M g O  K 2O  N a 2O )

(4)

% (S iO 2  T iO 2  A l 2 O 3 )

where the label for each compound makes reference to its weight concentration in the
ash. As the Rb/a value increases, the fouling tendency of a fuel ash increases. This ratio for
biomass often exceeds 1.0 and may be beyond 2.0; Rb/a is usually lower than 1.0 in for
coal (Tillman 2000). The base/acid ratio is an indication of fuel’s performance in
association with problematic deposit formations (Tillman 2000).
The calculation showed that increasing the coal blend ratio should result in less
fouling and slagging, with a decrease in AI values (from 0.4 to 0.28) and decrease in Rb/a
values (from 2.3 to 0.9). Coal blend ratio of 0 to 30% (mass basis) contributed to
considerably low AI values. When the AI values varied from 0.4 to 0.28, the ash
slagging/fouling tendencies changed from “certain slagging/fouling” to “probable
slagging/fouling”. This observation suggested that biomass co-ﬁring with coal could
mitigate the fouling and slagging tendencies due to the dilution and the consumption of
alkali metals via the interactions with sulphur or/and silica in the coal (Zhang et al.
2010).
Table 2. Ash Chemical Composition of the Samples
Components (%) SiO2

Al2O3

Fe2O3

MgO

K2O

Na2O

CaO

P2O5

SO3

TiO2

BMF

14.28

3.16

2.38

7.14

8.10

6.40

42.82

4.80

2.91

2.91

Coal

45.58

30.02

9.69

—

2.02

—

5.48

0.85

4.34

1.64
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CONCLUSIONS
1. The maximized temperature achieved with the cyclone furnace firing of only ramie
residual biomass was 1215°C with an equivalence ratio (ER) of 1.16.
2. Coal additions to ramie residual biomass can improve the heating value of the fuel, as
well as the combustion temperature, with low pollutant emissions. Increasing the coal
fraction from 0 to 30 wt. % caused the peak temperatures rise to 1319°C along with
improved combustion efficiency.
3. Co-firing ramie residue with coal seems more feasible than with ramie residue alone
due to the potential risk of slagging and fouling of the latter.
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