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ABSTRACT
Coal, coke, and semi-coke are currently irreplaceable materials in the
iron and steel industry. Coal is converted to coke or semi-coke in fixed
bed coke-ovens which have many drawbacks and cause environmental
damage. A novel method for the production of semi-coke using circu-
lating fluidized bed partial coal gasification is experimentally studied.
The method involves a fast devolatilization stage which promises to
reduce the effect on the environment compared to conventional coke-
ovens. Experiments are conducted with high volatile Shubarkol coal in
a custom-made atmospheric reactor consisting of a riser, a cyclone,
a loop seal, and equipped with a semi-coke withdrawal system. The
reactor is operated autothermally, at temperatures varying from 700°C
to 1000°C. The coal feed rate varies from 40 to 70 kg/h, with a particle
size distribution up to 20mm. During the experiments, char samples are
withdrawn from the riser and the standpipe. The samples have a volatile
content of 3-6%, carbon content above 85%, high structural strength
(92.64%), low bulk density (270 kg/m3) and high porosity (28.4%) com-
pared to conventionally produced semi-coke. It is confirmed that even
using the laboratory scale setup it is possible to produce up to 0.367 kg
of semi-coke per kg of coal.
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Introduction

Economic growth and urbanization are increasing the demand for the expansion of energy
and water supply, transportation, housing, and public facilities. This leads to a growing
demand for steel and its alloys. World demand for steel has almost tripled since the 1970s
(World steel Association, 2018), and the main driver of this trend is Asia, where steel
production almost quadrupled between 1970 and 2017 (IEA 2017; World Coal Institute
2007). Currently coal, coke, and semi-coke are irreplaceable in the iron and steel industry.
Conventionally, steel is produced in blast furnaces, where coke is used as a vital component
that plays the role of a reducing agent and heat source, and, provides mechanical strength to
burden and permeability to gas and liquid phases (Li et al. 2014a). Coke is made by heating
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coking coals in a coke oven in a reducing atmosphere. High prices for coking coals and their
scarcity have led steelmaking companies to search for ways to reduce coke consumption,
alternative raw materials, alternative steel smelting, and coke making processes. Recently
developed commercial processes such as iron bath smelting (American Iron and Steel Institute
2010; Street et al. 1998), blast furnaces with coal injection (Tang et al. 2017), COREX/FINEX
process (Menéndez, Álvarez, and Pis 1999; Tang et al. 2017), and ferroalloys production
(Hasanbeigi, Arens, and Price 2014; Xu andCang 2010) allow the fine fraction semi-coke to be
substituted for coke as the reducing agent. Semi-coke is a coal char with high-fixed carbon and
low volatile content produced from coal through pyrolytic devolatilization.

Semi-coke production implies the devolatilization of carbonaceous materials such as
coal and is currently carried out through the heating of coal in a coke oven with no oxygen
supply. When volatiles are driven out of coal, coke is ejected from coke oven batteries and
extinguished with water in order to avoid its combustion in the open air. Semi-coke
typically has a volatile content of 10% or less (Li et al. 2016) and fixed carbon content on
a dry basis not less than 70% (Zhu et al. 2015), and, it consists of particles between 0 and
8 mm in diameter (Li et al. 2016; Strakhov 2009).

The conventional semi-coke production process suffers from several notable disadvan-
tages, including (i) release of thermodynamically unstable coal volatiles, which undergo
conversion to syngas containing gas and tar during heating (Pan et al. 2015), with tar
being a source of contamination of soil and water by tar and environmentally harmful
phenol compounds, (ii) production of the wet product after water quenching, which
subsequently requires additional energy for drying before use of semi-coke in carbother-
mic processes, and (iii) high capital cost of treatment and utilization facilities of coke-oven
gas (He and Wang 2017). The development of a novel semi-coke production technology
described in the present paper was partly motivated by the desire to overcome the above
limitations. Moreover, semi-coke is currently produced in industry using 20–80 mm coal
fraction, and a fine fraction of 0–20 mm is separated from the coal particle mixture as
unsuitable for processing, which leads to economic losses. Therefore, the utilization of fine
fraction coal for semi-coke production can further increase the economic attractiveness of
the newly developed technology.

On entering a circulating fluidized bed (CFB) gasifier, a coal particle undergoes fast
heating and gasification, which consists of three consecutive stages namely drying, devolati-
lization (pyrolysis), and gasification. Devolatilization is the stage when volatile matter of solid
fuel is removed. It is a very important stage, especially in the case of high volatile solid fuels.
(Pan et al. 2015; Gonenc et al. 1990; Trubetskaya et al. 2016) Pyrolysis in a stationary bed of
conventional coke oven is considered as slow pyrolysis because of low heating rates of less
than 1°C/s. Devolatilization during CFB partial gasification can be considered as fast pyr-
olysis, due to high heating rates reaching some 1000°C/s (Pan et al. 2015; Sermin et al. 1990;
Trubetskaya et al. 2016). Devolatilization in the fluidized bed at high temperatures and high
heating rates demonstrates improved devolatilization efficiency and reduced tar yield (Borah,
Ghosh, and Rao 2011). Tar contains contaminants such as phenols, polycyclic aromatic
hydrocarbons, and ammonia. Therefore, technologies utilizing fluidized bed could be pro-
mising for the production of high-quality semi-coke with low environmental impact.

Unlike coal partial gasification, production of semi-coke using coal pyrolysis has
attracted the attention of many researchers (Fushimi et al. 2017; Hu et al. 2011; Song,
Liu, and Wu 2016; Wootten et al. 1988; Wu et al. 2017b). Production of semi-coke was
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also a subject of process simulation studies, where essentially char gasifiers and combus-
tors played the role of a heat source for separate atmospheric allothermal pyrolizers (Dai
et al. 2017; Guo et al. 2014; Jing et al. 2017; Yi et al. 2013). These studies were
implemented using process integration and simulation methods in ASPEN PLUS software.
Such integration of polygeneration processes, in general, allow the reduction of CO2

emissions, CO2 recovery costs, or overall efficiency (Hu et al. 2011).
Even though the circulating fluidized bed (CFB) process is a rapidly developing and

extensively studied technology for combustion and gasification of coal, petroleum coke,
biomass, and waste derived fuels, coal partial gasification has not been studied extensively.
CFB reactors possess considerable versatility due to a high overall rate of gasification
process driven by an enhanced heat and mass transfer, and a long residence time of the
char due to char recirculation and resulting in low char loss (Alauddin et al. 2010; Basu
1999; Nowak and Mirek 2013). Very few studies have investigated the coal partial
gasification in a CFB, and they mainly presented the results on the thermodynamic
analysis of the CFB (Nowak and Mirek 2013), development of co-production systems of
hydrogen and electricity (Li et al. 2014b; Xu et al. 2012) or reported bench scale
allothermal CFB experiments (Ye et al. 2017). Ye et al. conducted their experiments in an
H2O-O2 (Ye et al. 2017) and CO2-O2 (Ye et al. 2018, 2017) atmosphere using an externally
heated lab-scale CFB reactor with a cylindrical riser 120 mm in diameter and 2600 mm in
height. Their study was conducted in the relatively limited temperature range of 885–980°
C, using the narrow range of fine coal particles of 0.35–0.9 mm in diameter. The carbon
conversion rate was between 79% and 92% in steam-O2 and between 78% and 88% in CO2

-O2 partial gasification. Ye et al. (Ye et al. 2018, 2017) have also studied partial gasification
char properties, using Raman spectroscopy, Fourier-transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM). Raman spectroscopy and FTIR showed
that steam-O2 partial gasification results in a loss of different functional groups in char,
and, chars become more ordered and less reactive (Ye et al. 2018). SEM revealed that CO2

-O2 partial gasification of coal results in increased porosity inside the chars. Ye et al. also
observed that in case of CO2-O2 gasification chars become more disordered as the
gasification temperature increases (Ye et al. 2017).

Reactivity is considered as one of the important characteristics of semi-coke that is
used to evaluate its performance in a blast furnace and in COREX process (Menéndez,
Álvarez, and Pis 1999). Semi-coke intrinsic properties, such as carbon crystallite size,
ash content, and ash catalytic effect, influence the reactivity of semi-coke (Zhang 2018).
These properties depend on parent coal properties and heat treatment conditions. In
this research carbon, crystallite structure is studied using an X-ray diffraction (XRD).
XRD is a powerful tool for the determination of the crystalline characteristics of
carbonaceous materials, including semi-coke (Lu et al. 2001). For instance, Wu and
Sahajwalla investigated the influence of carbon structure, carbon content and sulfur
content on coal dissolution in molten iron and discovered that the crystallite size has
a critical effect on the carbon dissolution (Wu and Sahajwalla 2014). Taylor concluded
that the temperature of the coal heat treatment has a critical influence on the trans-
formation of the random and disordered network connections found in coal to an
ordered hexagonal structure with higher crystallinity (Taylor 2000). Conventionally,
semi-coke is produced in fixed-bed low-temperature ovens (400–600°C), and coke is
produced at higher temperatures (reaching 1100°C) and demonstrate higher
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crystallinity as found by XRD analysis (Xu et al. 2018). In contrast, CFB partial
gasification takes place at intermediate temperatures between 700°C and 1000°C.
Thus, there is a need to investigate the effect of heat treatment of semi-coke produced
by partial gasification of high volatile Shubarkol coal in the CFB reactor at intermediate
temperature.

A novel method involving the thermal-oxidative fast pyrolysis with partial gasification
of coal in the CFB for semi-coke production is examined in the present paper. In this
paper, the semi-coke production process is investigated in an autothermal larger scale CFB
reactor, over a wider temperature range from 700°C to 1000°C, using the coal with wider
size distribution of 0–20 mm and of a lower carbon conversion compared to recent studies
by Ye et al. (Ye et al. 2017). Use of coal CFB partial gasification for semi-coke production
allows to avoid integration of the allothermal pyrolytic process and the heat source.
Physical and chemical characteristics of semi-coke produced during the experiments are
examined in order to provide characteristics necessary for industry. Another important
feature of the proposed process is the decision to avoid the use of sand as a bed material.
The dense-phase-zone in the riser and in the loop seal is formed of char. This is motivated
by the intention to retain the highest possible carbon content of the bulk withdrawn
material. XRD analysis is used for investigation of the heat treatment effect on semi-coke
reactivity. Additionally, the novel partial gasification CFB reactor is proposed to be
integrated with a Rankine cycle power plant.

The primary objective of this study is to prove experimentally the feasibility of
circulating fluidized bed technology for autothermal production of char suitable for use
as a metallurgical semi-coke and investigate the potential to integrate the semi-coke
production process with a thermal power plant using the fine fraction of coal. Such an
approach and integration allows for the improving of energy efficiency and environmental
performance, eliminating the necessity of coke-oven gas treatment. A secondary objective
of this study is to optimize the operating conditions of the CFB process to maximize
devolatilization and minimize conversion of fixed carbon.

Materials and Methods

Materials

High volatile Shubarkol coal was used in this study as the main raw material. It is mined
from open-pit mines in the Central Kazakhstan region. The coal with size 0–20 mm was
fed into the reactor.

Standard Coal Analysis

The coal feedstock characteristics such as particle size distribution (PSD), proximate
analysis, ultimate analysis, and calorific value are required for a CFB process design and
operation (Kunii and Levenspiel 1997; Yang 2003). This data is also essential for quanti-
tative evaluation of the process efficiency, identification of opportunities to integrate
a semi-coke production plant with a power plant, and quantification of the power output
that can be produced from a unit of coal input.
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To determine the PSD, coal was first sieved through a 20 mm hand sieve, then three
representative samples were extracted using a coning and quartering procedure. Then, the
representative samples were sieved with an automatic sieving machine (AS200, Retsch)
using sieves having mesh sizes of 10, 8, 6, 4, 2, 1, and 0.5 mm. The standard analysis of the
coal samples was conducted including proximate analysis and ultimate analysis. Coal
samples for proximate and ultimate analyses were coned and quartered and then ground
and sieved through a 200 µm sieve. The proximate analysis was conducted in triplicate
using a thermogravimetric analyzer (TGA Q500, TA instruments). The heating rate of the
TGA was set to 20°C/min and with the maximum temperature at 900 oC. Samples for the
ultimate analysis were dried at 105°C for 12 h and then analyzed using a CHNS analyzer
(Variocube, Elementar), also in triplicate. The calorific value of the coal was determined
using a bomb calorimeter (B-08МАК, Etalon). The ash fusion temperature was measured
by the pyramid cone method according to the ASTM D1857 standard in an ash fusion
determinator (5E-AF400, CKIC).

Semi-coke Characterization

In order to compare semi-coke from the partial gasification process with that obtained
from the conventional process and rotary drum furnace process, semi-coke samples were
characterized for properties required by the industry (Commitee of technical requilation
and metrology, Ministry of industry and new technologies 2011; Svyatov, Strakhov, and
Surovtseva 2012). Moisture content, ash content, volatiles content, and fixed carbon
content were determined using the thermogravimetric analyzer. Sulfur content was deter-
mined using the CHNS analyzer.

Samples porosity, specific total pore volume and specific surface area were measured by
the nitrogen absorption technique using an automated gas sorption analyzer (Autosorb,
Quantochrome instruments). Before analysis 200–300 mg of semi-coke was degassed for 8
h at 350°C in order to clean the surface of the sample. Adsorption and desorption
isotherms were measured and interpreted by the Brunauer-Emmett-Teller (BET) method
(Brunauer, Emmett, and Teller 1938).

The semi-coke bulk density was determined according to the GOST 54251–2010
standard which corresponds to ISO 567:1995 (“GOST R 54251 Coke – Determination of
Bulk Density in a Small Container (ISO 567:1995)” 2012). The GOST 9521–2017 standard
was selected for structural strength analysis of semi-coke and for comparison the obtained
results with literature data (Commitee of technical requilation and metrology, Ministry of
industry and new technologies, Republic of Kazakhstan 2011; Svyatov, Strakhov, and
Surovtseva 2012). Chlorine content was determined according to GOST 9326–2002
standard (“GOST 9326–2002 Solid Mineral Fuels – Determination of Chlorine” 2002)
using a method of burning the sample in a calorimetric bomb.

Semi-coke Intrinsic Properties

Carbon crystallite structure was determined using the X-ray diffraction method. The
method needs a relatively large amount of solid sample that can be obtained by simple
quartering. This enabled average measurements from the sample in order to determine the
bulk powder characteristics rather than local characteristics of separate particles. This is
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important for heterogeneous materials such as coal, coke, or semi-coke. X-ray diffraction
analysis allows to determine the crystalline parameters such as crystallite size and its
distribution (Crystallite diameter – La, crystallite stacking height – Lc, interlayer spacing –
d002). Semi-coke samples were milled, sieved through a 0.075 mm sieve, and then analyzed
using a Rigaku SmartLab® X-ray diffractometer (XRD) with Cu-Kα radiation source (35
kV, 28.5 mA). Scanning of samples was conducted with 2θ in the range from 10 to 100
degree at scanning rate of 1 deg/min. The shape of the carbon peak was used for
determining the crystalline size.

Experimental Setup

To validate the feasibility of the proposed method, the experiments were conducted in
a custom-designed CFB reactor. Figure 1 illustrates a schematic diagram of the experimental
setup. The CFB system consisted of a riser, standpipe, loop seal, coal supply system, gas-solid
separators, sample withdrawal devices and syngas treatment subsystem. The riser (1) was
made of heat-resistant stainless-steel tube with an inner diameter of 150 mm and a height of

Figure 1. Schematic diagram of experimental setup: 1. Riser; 2. Cyclone; 3. Loop seal; 4. Bunker; 5.
Screw feeder; 6.1 Sanitary cyclone; 6.2 Sanitary cyclone; 7.1 Cyclone bunker; 7.2 Cyclone bunker; 8.
Combustor; 9. Heat exchanger; 10. Bag filter; 11.exhaust fan; 12. Chimney; 13. Two hoses for coal
supply; 14. Semi-coke extraction line from the standpipe; 15. Air blower; 16. Semi-coke extraction line
from the riser bottom; 17. Semi-coke extraction line from the top of the dense-phase-zone; 18. Manual
semi-coke extraction line from the top of the dense-phase-zone; 19. Semi-coke extraction line from the
bottom of the dense phase zone; I – primary air; II – secondary air; III – air to loop seal chambers; IV –
air blow to L-valve; V –air stream for aeration of standpipe; VI – air stream for pneumatic transport of
coal; VII – syngas from the reactor; VIII – air stream for syngas afterburner.
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5.6 m. The fluidizing air (I) from an air blower (15) was injected into riser through a series of
bubble caps fixed on the air distribution plate at the bottom of the riser. Coal from a bunker
(4) was introduced into the riser through one of two hoses (13), both of 70 mm in inner
diameter. The coal inlets were located at distances of 700 mm and 350 mm from the air
distribution plate. The coal flow rate was adjusted with a screw feeder (5).

Syngas evolved in the reactor and char particles entrained with gas were transported to
a cyclone (2), where the gas was separated from the particles. The particles collected in the
cyclone (2) were conveyed through a standpipe (14) to a loop seal (3). The loop seal was made
of two bubbling fluidized bed chambers, receiving and conveying. The secondary air was
injected through the bubble caps located at the bottom of chambers. The height of both
chambers was 600 mm. The receiving chamber had a rectangular cross-sectional area of
80 mm × 80 mm, and the conveying chamber 120 mm × 80 mm. Char from the receiving
chamber passed to the conveying chamber and then was recycled to the riser (1).

Syngas was supplied from the exhaust cyclones (6.1 and 6.2) to a combustor (8) and,
then, flue gas passed through a cooler (9) and a bag filter (10) to a chimney (12). Particles
captured in cyclones were accumulated in bunkers (7.1 and 7.2). The riser, loop cyclone
and two exhaust cyclones were fully insulated with 100 mm thick ceramic wool to
minimize heat losses. Air and gas streams included: I – primary air, II – secondary air,
III – air to loop seal chambers, IV – air blow to L-valve, V – air stream for aeration of
standpipe, VI – air stream for pneumatic transport of coal, VII – syngas from the reactor,
VIII – air stream for syngas afterburner.

The temperature in the reactor was measured with K-type thermocouples connected to
a 12-channel temperature data logger (RMT59, Elemer). Thermocouples were located

Figure 2. Semi-coke withdrawal ports: a) lower part of the CFB riser section (b) loop seal and standpipe.
16. Semi-coke extraction line from the riser bottom; 17. Semi-coke extraction line from the top of the
dense-phase-zone; 18. Manual semi-coke extraction line from the top of the dense-phase-zone; 19.
Semi-coke extraction line from the bottom of the dense phase zone.
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along the riser column, in the loop cyclone, and in the loop seal. The pressure was
measured with pressure transducers (PD100, Owen).

Material extraction mechanisms are described in better details in Fig. 2. The mechan-
ized systems were installed in the lower part of the CFB riser section to collect samples
from the top (17) and the bottom (16) of the riser dense-phase-zone, the loop seal (19)
and the standpipe (14). The semi-coke samples were also withdrawn manually from the
top of the dense-phase-zone (18) by opening a plug that covers a hole in the lower part of
the CFB riser.

Reactor Start-up

Typically, CFB gasifiers and combustors operate with inert bed materials in the riser, such as
silica sand. In this study, unlike previous partial gasification research (Nowak andMirek 2013;
Xu et al. 2012; Li et al. 2014b; Ye et al. 2017), semi-coke was extracted from the riser and from
the standpipe. Such an extraction approach allows for the production of semi-coke of larger
sizes, which more valued in the iron and steel industry. However, use of sand in the riser
dense-phase-zone and its extraction with semi-coke will increase the semi-coke bulk inert
material content. To avoid this, the reactor was started and operated without sand, and the
dense-phase-zone char played the role of the heat transfer media. During low air-to-fuel
equivalence ratio (ER) partial gasification char can be deliberately accumulated in the dense-
phase-zone and its level can easily be estimated based on differential pressure. Considering
these factors, experiments were conducted without using sand as the bed material. To startup
the experiment, the riser was filled with 2.5–3.0 kg of semi-coke with size of 0–8 mm playing
the role of bed material and 2.0–2.5 kg of semi-coke with size of 0–2 mm was added to the
standpipe. The primary and secondary air was heated to 600–650°C using an electric heater
(13). The coal supply started when the bed temperature reached 300°C, and the significant rise
in bed temperature began after the coal ignited at 350°C. At this point the heater was turned
off because the reactor in this process was able to operate autothermally. When the tempera-
ture reached 800–900°C, the coal feed rate and air supply were set at appropriate values to
maintain the desired temperature and subsequently char circulation in the unit was started by
supplying secondary air into both chambers of the loop seal.

Reactor Operation

The reactor temperature was varied in the range 700–1000°C and the supply of air was
set to keep an ER of 0.19–0.33. The superficial velocity of air at the bottom of the
reactor was maintained at 4–5 m/s to ensure the fast fluidization upflow conditions in
the riser section with the main parameters measured during the experiments being the
fuel feed rate, temperature, air feed rate, differential pressure in the riser and loop seal,
and syngas composition. Differential pressure allowed to estimate the height of the
dense-phase-zone in the riser. The solid products such as semi-coke and entrained
char samples were collected for analysis from the top of dense-phase-zone in the riser
and from the standpipe, and entrained particles were collected in two exhaust cyclones.
Semi-coke retrieval from the riser was started when the semi-coke material accumulation
increased the riser dense-phase-zone height to the height of the screw conveyor junction
to the riser. Similarly, retrieval of semi-coke from the standpipe began when solid
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material accumulation in the loop-seal and standpipe increased the height of the dense-
phase-zone to the height of the screw conveyor junction to the standpipe.

Semi-coke samples were analyzed for PSD and proximate analysis was conducted to
evaluate the amount of fixed carbon and the amount of impurities in the form of volatile
matter. Char samples were also analyzed for PSD, proximate analysis and calorific value
to evaluate char potential as a fuel in the boiler. Operating conditions of eleven
experiments are listed in Table 1, these operating conditions are also listed in tables
with corresponding results.

Results and Discussion

Standard Coal Analysis

The results of proximate and ultimate analyses of Shubarkol coal used in the present study
are summarized in Table 2. This coal has low ash content, high volatile matter content, and
high carbon content, compared with other coals. Examples of five other coals proximate and
ultimate analyses are given for comparison in Table 2, which include three coals from China
(Huating, Yangquan anthracite, and Shenmu), coal from Kazakhstan (High ash Ekibastuz
coal), and coal from Russia (Kuznets coal). Yangquan anthracite is used in China for blast
furnace injection (Tang et al. 2017). The table also includes Shenmu coke which is made
from Shenmu coal and LKSP coke which is made from Kuznets coal (Korshenko et al. 2016;
Svyatov, Strakhov, and Surovtseva 2012). As can be seen from the table, Shubarkol coal has
proximate and ultimate analyses close to Shenmu and Kuznets coals, but with higher volatile
content. Even though Shubarkol coal has low ash, low sulfur, and a high-fixed carbon

Table 1. Operating conditions of the experiments conducted.
Experiment No 1 2 3 4 5 6 7 8 9 10 11

Вcoal kg/h 58 44 65 45 45 55 48 48 40 50 50
Vair total nm3/h 110 94 94 112 112 112 65 80 94 107 72
Тbed

оС 930 950 930 810 880 990 700 850 780 865 890

Вcoal, coal feed rate; Vair total, total air flow rate; Тbed, riser dense-phase-zone temperature.

Table 2. Coal and coke proximate and ultimate analyses.

Sample
Wr, wt
%

Ad, wt
%

Vdaf, wt
%

FCr
wt%

Cdaf, wt
%

Hdaf, wt
%

Ndaf, wt
%

Odaf, wt
%

Sdaf, wt
%

NHV,
kcal/kg

Coal
Shubarkol coal 10.6 4.25 44.5 47.26 76.9 5.35 1.45 15.3 1.0 6334.7
Huating coal[37] 7.6 19.4 18.0 46.39 43.7 2.3 0.9 9.3 0.4 5482.5
Yangquan coal anthracite
coal[7]

0.63 9.95 7.06 82.36 83.29 3.31 1.12 6.66 0.62 7705

Ekibastuz coal [50] 5.4 42.0 32.0 37.3 81.5 5.3 1.6 10.9 0.7 4000
Shenmu coal [51] 8.8 4.2 38.0 59.4 82.38 6.37 1.00 9.99 0.26 6379
Kuznets coal [51] 9.0 5.0 41.0 56.1 79.35 5.57 2.40 12.30 0.38 7780

Coke & semi-coke
Shenmu coke [51] 1.4 10.9 3.83 85.6 93.24 2.07 1.05 3.38 0.26 -
Kuznets semi-coke LKSP
[51]

13.8 10.0 17.2 74.5 88.83 2.97 2.76 5.24 0.20 -

Wr, moisture content on as received basis; Ad, ash content on dry basis; Vdaf, volatile content dry ash free basis; FCr, fixed
carbon on as received basis; Cdaf, carbon on dry ash free basis; Hdaf, hydrogen on dry ash free basis; Ndaf, nitrogen on dry
ash free bsis; Odaf, oxygen on dry ash free basis; Sdaf, sulfur on dry ash free basis; NHV, net heating value.

INTERNATIONAL JOURNAL OF COAL PREPARATION AND UTILIZATION 907



content comparable with Kuznets and Shenmu coal it does not have the caking properties
necessary for coke production (Korshenko et al. 2016). The composition of Shubarkol coal
ash is given in Table 3 together with ash content of lump coal, semi-coke, and coke which
were analyzed by Zhang et al. (Zhang 2018). Coal ash contains metal oxides, some of which
have catalytic effect on gasification reactions. Fe2O3, CaO, K2O, and Na2O metal oxides with
catalytic effect influence solid fuels reactivity (R. S. Xu et al. 2018; Zhang 2018). As it can be
seen from the table, Shubarkol coal ash has less Fe2O3, CaO, and K2O compared to other
solid fuels.

The coal PSD is given in Table 4, with its particle size in the range of 0 to 20 mm. The
coal mean diameter was 2.4 mm and almost half of the coal particles was smaller than
1 mm. Thus, coal used in the present study belongs to the fine particle fraction. Existence
of even small quantities of particles with size above 8–10 mm, can cause defluidization and
non-uniform temperature distribution in the dense-phase-zone. However, large particles
are expected to reduce in size due to fragmentation and attrition. Table 5 summarizes the
measured values of deformation temperature (DT), shrinkage temperature (ST), hemi-
sphere temperature (HT), and flow temperature (FT). The ash deformation temperature of
Shubarkol coal is above the CFB operating temperatures, which reduces the chance of bed
defluidization due to ash agglomeration.

Effect of Air-to-fuel Equivalence Ratio on Bed Temperature

One of the most important parameters of the CFB operation is the bed temperature. Coal
gasification is a complex process where multiple homogeneous and heterogeneous reac-
tions take place simultaneously, most of which are endothermic (Ye et al. 2018). Higher
temperatures intensify devolatilization of coal and cracking of released tar. One of the
aims of this study is to limit heterogeneous solid carbon reactions in order to maximize
char output. It is known that the air-to-fuel equivalence ratio significantly influences the
bed temperature. Increasing ER instigates a rise of reactor temperature, and the

Table 3. Shubarkol coal ash chemical composition.
Sample Ad SiO2 Al2O3 Fe2O3 CaO MgO TiO2 MnO P2O5 SO3 Na2O K2O

Shubarkol coal 4.25 58.1 22.2 7.1 2.7 1.8 1.1 - 0.5 3.4 1.8 1.3
Coal [38] 2.64 13.67 5.7 27.42 32.23 4.46 0.49 0.36 - 13.68 0.95 0.08
Semi-coke [38] 11.42 28.24 18.78 10.95 17.26 2.49 1.26 0.43 - 18.24 0.87 0.10
coke [38] 12.00 46.59 30.00 9.07 6.72 1.48 1.52 1.47 - 1.47 0.73 0.48

Ad, ash content on dry basis.

Table 4. Coal cumulative undersize particle size distribution.
d, mm 0.5 1 2 4 6 8 10 20

Percent passing, % 30.1 47.7 65.5 75.5 84.3 87.4 90.5 100

d, sieve opening size.

Table 5. Coal ash fusion temperature.
Coal DT (ºC) ST (ºC) HT (ºC) FT (ºC)

Shubarkol 1180 1271 1332 1366

DT, deformation temperature; ST, shrinkage temperature; HT, hemisphere tempera-
ture; FT, flow temperature.
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devolatilization and gasification reactions rates are directly correlated with reactor tem-
perature. Additionally, as it was previously noted by Jing et al., an increase of ER and
consequent increase of bed temperature comes at the cost of a reduced syngas heating
value (Jing et al. 2017). An increase of air flowrate also increases the gas velocity and the
amount of char particles entrained from the reactor dense-phase-zone. Consequently,
there is a need to study experimentally the relationship between the bed temperature
and ER in order to determine the minimum ER required for maintaining the desired
temperature.

Experiments in the present study were conducted by varying the coal feed rate from 50 to
70 kg/h and the ER from 0.19 to 0.33. Figure 3 illustrates the effect of ER on bed temperature.
The bed temperature was significantly higher at the high coal feed rate than the one at low feed
rate at the same ER value. Moreover, the slope of the straight line fitted to ER versus the bed
temperature is slightly higher for the higher coal feed rate than that for the lower feed rate.
These tendencies can be explained by the fact that the larger volume of volatiles evolves during
feeding coal at higher feed rates. The ER in this study is lower than that during gasification
experiments, which typically varies between 0.3 and 0.45 (Yang 2003). Higher ER increases
carbon conversion and total syngas gas yield (Chen et al. 2011). In contrary, low ER favors
accumulation of char as a bedmaterial. However, during the first experiments, after some time
of operation, it was found that large particles began to collect at the bottom of dense-phase-
zone and accumulate on the air distribution plate. Accumulation and buildup of the char bed
caused the appearance of hot spots close to the reactor bottom where an oxygen-carbon
reaction preferably took place. This caused a significant rise of temperature and damage to the
reactor, resulting sometimes in burn-outs of the reactor body. To reduce such an effect, the
riser bottomwasmodified from a cylindrical to a conical shape. This allowed for an increase of
gas velocity at the bottom of the reactor without increasing the air supply. Considering the
typical CFB operating temperature range from 700°C to 1000°C, at a fuel feed-rate from 65 to
70 kg/h, the ER that ensures this temperature range was found to be between 0.19 and 0.25. At

Figure 3. Bed temperature as a function of air-to-fuel equivalence ratio.
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a fuel feed-rate from 50 to 58 kg/h, the ER is from 0.21 to 0.31. However, at a higher ER above
0.25 burnout of fixed carbon from semi-coke can be expected.

Effect of Bed Temperature on Semi-coke Carbon Content

Two of the most important characteristics of semi-coke are the carbon content and impurities
content. Impurities essentially consist of volatile matter remaining in the semi-coke. During
coal devolatilization, coal volatile matter evolves to gas and tar due to thermo-chemical
conversion. This study considers the effect of bed temperature on the volatile matter content
remaining in the semi-coke. Semi-coke samples were extracted from the top of the dense-
phase-zone and standpipe in order to investigate if their volatile content have any difference.
Additionally, bed material was collected through a maintenance hatch when the air blower
was stopped, and the reactor set for cooling.

Figure 4(a and b) illustrates the effect of bed temperatures on the volatile matter content of
the semi-coke withdrawn from the reactor. As can be seen from these figures increasing the
bed temperature intensifies devolatilization of coal. Comparison of the best-fit lines revealed
that the effects of temperature on semi-coke volatile content in the riser and loop seal were
similar. The bulk density of bed material was relatively low at 500–520 kg/m3. The bulk
density of semi-coke removed from the top of the dense-phase-zone was 220–270 kg/m3,
which is significantly less than that of semi-coke from conventional coke-ovens density 960
(Svyatov, Strakhov, and Surovtseva 2012) −1150 kg/m3 (Kumar et al. 2008). This can be
explained by development of coal particles porosity and swelling due to fast devolatilization of
high volatile coal. The same phenomena was observed by Yu et al. (Yu et al. 2003) during
devolatilization of high volatile coal particles at high heating rates. Similar effect is expected in
case of CO2-steam partial gasification in CFB, Ye et al. (Ye et al. 2017) also reported increased
porosity of char samples and the effect strengthened at high operating temperatures in CO2-
steam partial gasification.

Figure 4. Volatile matter content of semi-coke at various bed temperatures, (a) semi-coke withdrawn
from top surface of dense-phase-zone in riser, (b) semi-coke withdrawn from standpipe.
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Table 6 provides proximate analysis on as received basis and dry basis of material with-
drawn at various experiments and corresponding operating conditions. All the material in the
reactor was dry due to the high operating temperatures. During withdrawal of samples, they
were cooled in the screw transporter covered with a cooling jacket, thus avoiding wet
quenching. The semi-coke samples are hygroscopic, and their moisture content is entirely
adsorbed from the atmosphere. Therefore, to provide a better understanding, the ash, volatile
matter and fixed carbon content are given in Table 6 on a dry basis. In general, the results of
the semi-coke proximate analysis are in agreement with industry requirements for semi-coke
produced in conventional coke-ovens as described in Table 7. At an operating temperature
above 850°C, the volatile content of semi-coke was below 5%. This well correlates with fast
devolatilization experiments such as wire mesh reactor (WMR) (Ra et al. 2014). In an
experimental CFB reactor, the coal inlet and semi-coke withdrawal point were located close
to each other, which caused some not yet devolatilized particles to be withdrawn alongside
with devolatilized semi-coke. The effect of the distance between coal inlet and semi-coke
outlet was tested during the reactor operation by switching off the semi-coke outlet screw (17)

Table 6. Semi-coke proximate analysis.
Experiment No 1 2 3 4 5 6 7 8 9 10 11

Вcoal kg/h 58 44 65 45 45 55 48 48 40 50 50
Vair total nm3/h 110 94 94 112 112 112 65 80 94 107 72
Тbed оС 930 950 930 810 880 990 700 850 780 865 890
Semi-coke withdrawn from the riser
Вbed kg/h 8.7 5.6 10.8 6 4.8 8.1 6.1 7 6.2 4.5 5.5
Wr wt.% 1.5 3 3.2 2.1 2.4 2.2 1.5 2.3 2.9 1.8 2
Adry wt.% 8.8 8.9 10.6 7.7 8.3 8.0 8.2 7.8 7.9 8.1 8.0
Vdry wt.% 4.2 4.0 3.6 6.5 4.4 3.7 5.5 5.5 6.4 3.3 3.1
FCdry wt.% 87.0 87.1 85.7 85.8 87.3 88.3 86.3 86.7 85.7 88.6 89.0
Semi-coke withdrawn from the standpipe
Вstandpipe kg/h 9.1 9.1 9.7 8.4 11.7 9.5 8.8 8.4 5.3 6.5 4.9
Wr wt.% 3.3 3 3.2 2.5 1.9 2.1 3 2.7 3 3 2
Adry wt.% 9.0 8.9 10.6 7.7 8.3 7.8 8.4 7.8 7.9 8.2 8.0
Vdry wt.% 4.1 3.6 4.3 7.6 4.3 3.9 5.9 4.7 4.4 4.8 3.1
FCdry wt.% 86.9 87.5 85.0 84.7 87.5 88.4 85.8 87.5 87.6 86.9 89.0

Bcoal, coal feed mass flow rate, Vair total, total air flow rate; Тbed, riser dense-phase-zone temperature; Bbed, mass flow rate of
semi-coke withdrawn from the riser dense-phase-zone; Wr, moisture content on received basis; Adry, ash content on dry
basis; Vdry, volatiles content on dry basis; FCdry, fixed carbon content on dry basis; Bstandpipe, mass flow rate of semi-coke
withdrawn from the standpipe.

Table 7. Comparison of semi-coke produced using three different methods.

Characteristic
CFB partial gasification

(this study, experiment 5 is taken for comparison)
Rotary drum
furnace [45] Coke-oven furnace [46]

Wr, wt.% 2.4 1.94 <12
Adry wt. % 8.3 4.73 <8
Vdaf, wt.% 4.3 6.56 <6
FСdry, wt.% 87.5 89 -
Bulk density, kg/m3 270 961 -
Structural strength, % 92.64 74.1 >75
Chlorine content Cld, % 0.03 - <0.1
Sulfur content, Sd% 0.34 - <1
Arsenic content Asd - - <0.01
Reactivity with CO2, cm

3/g s - 4.10 >2 cm3/g s
Nitrogen porosity, % 28.4 24.5 -

Wr, moisture content on received basis; Adry, ash content on dry basis; Vdaf, volatile content dry ash free basis; FСdry, fixed
carbon content on dry basis; Cld, chlorine content on dry basis; Asd , arsenicum content on dry basis.
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during feeding coal. When the dense-phase-zone height increased over the outlet (17), coal
supply was switched off and simultaneously semi-coke extraction screw was switched on.
Expectedly this reduced the volatile matter of the semi-coke. On an industrial scale the
distance between coal inlet and semi-coke outlet is expected to be bigger.

Table 7 summarized measured results related to the quality of obtained semi-coke such
as bulk density, structural strength, total pore volume, chlorine content, sulfur content,
reactivity with CO2, arsenic content, and nitrogen porosity. For comparison purposes, the
data on semi-coke produced in a rotary drum furnace (Svyatov, Strakhov, and Surovtseva
2012) and the requirements of the national standard for semi-coke manufactured using
the coke-oven furnace (Commitee of technical requilation and metrology, Ministry of
industry and new technologies, Republic of Kazakhstan 2011) were added to Table 7. As
can be seen from Table 7, semi-coke produced in this study has characteristics that meet
or exceed other two examples. CFB semi-coke has higher structural strength, higher
porosity, and lower bulk density. Structural strength of coke and semi-coke depends on
hardness and thickness of the pores walls. Swelling and development of porosity of coal
particles with increased structural strength during devolatilization suggests that pore walls
are strengthened due to increased crystallinity of carbon structure in semi-coke.

Comparison of proximate analysis characteristics of semi-coke given in Table 7 and
Yangquan anthracite proximate analysis given in Table 2 suggests that the semi-coke
produced in this study using the CFB reactor can be used for blast furnace injection.

Size Distribution of Semi-coke

Figure 5(a) illustrates the results of PSD analysis of semi-coke collected in the riser dense-
phase-zone, and semi-coke added to the riser at the start of each experiment. The coal feed
PSDwas added for comparison purpose. Particles with sizes distributed between 4 and 10mm
formed the bed in the dense-phase-zone. Coal with sizes from 0 to 20 mm was fed through
screw feeders after heating up the reactor. Larger particles were subjected to cracking and

Figure 5. Size distribution of particles circulating in reactor: (a) materials in riser including coal feed,
dense-phase-zone and initial char bed, (b) semi-coke from riser, standpipe, and weighted average semi-
coke collected in experiment No. 5.
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attrition, whereas the smaller particles were entrained and either gasified, recirculated through
loop seal or entrained out of the reactor alongside with syngas. The narrow fraction of semi-
coke from 0 to 6 mm was used to generate the bed in the riser at the start of experiments.

Figure 5(b) shows the size distribution of semi-coke withdrawn from the reactor riser,
standpipe, and their weighted average in experiment No. 5. The particles collected in the
riser were of a slightly larger size with wider size distribution than the ones withdrawn
from the standpipe. The particle size distribution is an important characteristic related to
semi-coke applicability for certain metallurgical processes. For instance, typically, 0–6 mm
semi-coke is used for production of silicomanganese. For production of ferronickel,
ferrosilicon, calcium carbide and other ferroalloys, semi-coke with a larger particle size
(6–18 mm) is utilized. As the raw coal particles were smaller than 20 mm, it was not
possible to produce semi-coke of 6–18 mm size in the present experiments. Most of the
semi-coke from the standpipe had a size below 4 mm and 77% had a size smaller than
2 mm. Semi-coke from the riser had coarser PSD, 92.8% of particles were in the range of
0–6 mm, with the remaining 7.2% were in the range of 6–8 mm. As can be seen in Table 6,
the amount of semi-coke withdrawn from the riser was not equal to the one collected in
the standpipe and both amounts varied in different experiments. As a result, the weighted
average PSD of two samples was also varied and 98% of particles lied in the 0–6 mm
range. This semi-coke can be used for blast furnace injection (Tang et al. 2017) which can
result in reduced coke and coal consumption.

Figure 6. PSD of particles captured in exhaust cyclones (6.1) and (6.2).
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Char Particles Characteristics

During the experiments, certain amount of solidmaterial escaped the CFB reactor. Thismaterial
is essentially fine char particles entrained from the bed. These particles were captured in two
exhaust cyclones and taken to the sieve analysis and to the thermogravimetric analysis in order to
determine the energy content of the solid phase leaving the reactor. From PSDs of entrained
particles shown in Fig. 6 it can be noted thatmost of the captured particles (80%) have size below
0.2 mm, around 10% between 0.2 mm and 0.75 mm, and 10% particles with size between 0.75
and 2 mm. The existence of large size particles above 0.2 mm in exhaust cyclones can be
attributed to the poor performance of CFB cyclone (2) and to difference in coal and char particles
density. Char particles similarly to semi-coke particles exhibited swelling due to increased release
of volatile. Normally, the PSD of coal injected into a boiler in pulverized coal power plants is
significantly smaller than entrained char particles (Beckmann et al. 2016; Vishnoi and
Mohapatra 2018). An industrial scale facility will use a more efficient cyclone, which will be
effective down to 90 µm and consequently entrained char particles PSD will be comparable with
pulverized coal in power plants (Van de Velden et al. 2007). More effective cyclone will also
increase the amount of semi-coke produced per kg of input coal.

Table 8 summarizes the results of proximate analysis and the calorific value of char samples
captured by exhaust cyclones. As can be seen in this table, the calorific values of entrained char
particles varied from 1470 to 1788 kcal/kg and volatile matter from 8.7% to 12.1%. These
particles consisted of newly introduced and entrained fine coal and fine char particles formed
due to attrition. Even though fine coal particles were small and, therefore, had a smaller
temperature gradient, they have not been fully devolatilized due to a short residence time. At
the same time, carbon in the worn-down char particles was partially gasified. As a result, fine
char particles had higher ash content and lower carbon content compared to semi-coke. Even
though, entrained char particles had lower quality than semi-coke in our experiments, entrained
char had fixed carbon content higher than char particles in partial gasification experiments
conducted by Ye et al. (Ye et al. 2017) and had proximate analysis comparable with semi-coke
obtained by Xu et al. (Xu et al. 2018) and by Tang et al. (Tang et al. 2017). In the present study,
low ER prevents burnout of fixed carbon and longer residence time improves devolatilization
compared to char obtained by Ye et al. (Ye et al. 2017). Char particles volatile matter content
correlates with high volatile coal devolatilization experiments in wire mesh reactor (WMR)
conducted by Ra et al. (Ra et al. 2014), where fine coal particles devolatilized almost fully at
800–1000°C. However, the residence time in the CFB reactor was shorter for entrained coal
particles which escaped the CFB cyclone (2) (3–4 s in CFB and 10 s inWMR). This increased the
bulk volatile content of the char captured in exhaust cyclones (6.1 and 6.2).

Effect of Temperature on Syngas Characteristics

Table 9 summarizes the data on the composition of syngas for various operating condi-
tions. During the devolatilization process, coal volatile matter evolves to gases, such as CO,
CO2, CH4, H2, and tars (Ra et al. 2014). Taking into account the air velocity, the gas
residence time in the reactor was estimated as 3–4 s.

Figure 7(a) illustrates the effect of bed temperature on coal conversion in the reactor. The
devolatilization process and burnout of char contribute to the coal conversion. The coal
conversion is calculated on the basis of material balance as:
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Ccoal ¼
Bcoal � Bbed � Bstandpipe � Bentrained
� �

Bcoal
� 100%; (5)

where Ccoal is the conversion of coal to syngas, Bcoal is the coal feed rate, Bbed and Bstandpipe

are the amounts of semi-coke withdrawn from the top of the dense-phase-zone and
standpipe, respectively, and Bentrained is the amount of entrained char particles captured
by the exhaust cyclones (6.1) and (6.2).

Fig. 7(b) shows the carbon conversion at various bed temperatures. The carbon
conversion is calculated as:

Ccarbon ¼
BcoalCr

coal � BcharC
dry
char � BbedC

dry
bed � BstandpipeC

dry
standpipe

� �

BcoalCr
coal � 100%

; (6)

where Ccarbon is the carbon conversion, Cr
coal and Cdry

char are the coal carbon content on as

received and dry bases, respectively, and Cdry
bed and Cdry

standpipe are the carbon content of

semi-coke withdrawn from the top of the dense-phase-zone and standpipe on a dry
basis, respectively. As can be seen from Fig. 7(a) and Fig. 7(b), the coal and carbon

Table 9. Syngas characteristics.
Experiment No 1 2 3 4 5 6 7 8 9 10 11

Вcoal kg/h 58 44 65 45 45 55 48 48 40 50 50
Vair total nm3/h 110 94 94 112 112 112 65 80 94 107 72
Тbed

оС 930 950 930 810 880 990 700 850 780 865 890
CO Vol % 12.2 10.1 15.1 9.2 7.8 10.2 12.5 13.3 10.9 12.7 14.1
CO2 Vol % 11.1 9.7 12 8.5 10.2 9.8 12 9.5 7.8 9.3 12.3
H2 Vol % 4.9 5.2 6.2 4.1 4.3 5.2 5 4.8 5.5 5.1 4.9
O2 Vol % 1.2 1 0.9 0.6 0.8 1 0.6 0.5 0.6 0.6 0.8
CH4 Vol % 2.3 1.9 2.6 3.2 2.2 2.2 2.7 2 1.9 2.5 2.4
N2 Vol % 66.8 70.6 61.7 72.9 73.2 70.1 65.7 68.4 71.8 68.3 64
Syngas HHV MJ/nm3 1288.1 1126.6 1560.4 1236.9 1007.1 1181.8 1375.8 1290.9 1184.8 1358.4 1405.1

Bcoal, coal feed mass flow rate; Vair total, total air flow rate; Тbed, riser dense-phase-zone temperature; HHV, higher heating
value.

Figure 7. Effect of bed temperature on (a) coal conversion and (b) carbon conversion.
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conversion rates exhibited increasing trends with temperature. Increase of ER increases
the burn-out of carbon, therefore low ER keeps fixed carbon gasification low. The release
of volatiles, moisture evaporation and conversion of fixed carbon contribute to the rate
of coal conversion. In the present work, the coal conversion and carbon conversion rates
were deliberately kept low to maximize the semi-coke yield. Coal conversion was kept
between 0.42 and 0.52, carbon conversion 0.18 and 0.24. This can be considered low if
compared with Ye et al. (Ye et al. 2017) where carbon conversion was varied between
0.79 and 0.88.

Co-generation of Electricity

Table 10 provides information on the yield of semi-coke, physical heat, and calorific value of
char and syngas per unit of coal input. The semi-coke yield varied from 0.208 kg to 0.367 kg
per kg of coal feed. Thus, even when using the laboratory scale CFB reactor, it was possible to
achieve the semi-coke yield of 0.367 kg per 1 kg of coal input at 880°C. Out of 0.367 kg of semi-
coke, 0.106 kg of semi-coke was withdrawn from the riser and 0.261 from the loop-seal
standpipe. Some 43.6% out of total-fed coal mass was converted to gas and 19.7% was
entrained from the bed alongside with the gas as char particles. Entrained char particles
contributed 46.40 kcal per kg of coal to the heat that can be utilized in a boiler. At the same
time, the char particles had the calorific value 956.1 kcal, which can be utilized in the boiler.
The total heat of 1002.5 kcal per kg of coal that char particles can produce in the boiler is the
sum of their calorific value and their own heat. Similarly, syngas at 880°C carried the heat
equal to 747.7 kcal and the syngas calorific value was 1248.5 kcal per kg of coal. Thus,
entrained char particles and syngas can produce 2952.4 kcal per kg of coal heat if combusted
in a boiler. In other words, production of 1 ton of semi-coke will consume 2.72 ton of coal,
which will produce gas and entrained char products with total heat-carrying 8.04 Gcal. In
conventional process, 1 t of semi-coke required 1.65 t of coal and produce coke-oven gas with
heat capacity up to 1.91 Gcal (Razzaq, Li, and Zhang 2013). If compared with conventional
process, CFB partial gasification semi-coke production can be considered more energy-
oriented. As an example, an industrial facility with 100 thousand tons of semi-coke produc-
tion a year will require 272 thousand tons of Shubarkol coal. Integration of semi-coke plant
and a thermal power plant with typical efficiency of 32% (Sarbassov et al. 2013) will be able to
produce 300 GWh of power annually.

Semi-coke Intrinsic Properties

X-ray diffraction is a powerful tool for determination of crystalline characteristics of carbo-
naceousmaterials, including coal, semi-coke, and coke (Lu et al. 2001). Figure 8 represents the
XRD curves of the semi-coke produced during the experiments at various CFB reactor
temperatures. The vertical axis represents intensity of the diffraction peaks. The horizontal
axis represents 2-θ scattering angle. The 2-θ band (002) at around 26° is considered as the
carbon peak. Semi-coke samples in this study have both amorphous and hexagonal crystalline
structure carbon. The semi-coke crystallite size was determined using the Scherrer equation
(Xu et al. 2018):
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LC ¼ 0:89λ
βcosθ

(7)

where LC is the crystallite size, d is the interlayer spacing of the crystalline structure, θ is
the diffraction angle, λ is X-ray wavelength (Å) which is equal to 1.54051 for Cu-Kα, and β
is the full width at half maximum (FWHM) intensity of the peak.

Table 11 summarizes the XRD results for seven samples from the current study as
well as results by Xu et al. on dissolution kinetics of semi-coke and coke in COREX
gasifier (Xu et al. 2018). The partial gasification semi-coke has substantially larger
crystalline size, compared to XRD results obtained by Xu et al. (Xu et al. 2018). They
concluded that the increase in microcrystalline order degree enhances the dissolution
rate in COREX gasifiers. Therefore, semi-coke produced in partial gasification

Figure 8. X-ray diffraction curves of semi-coke produced.

Table 11. Semi-coke samples XRD analysis results.
Experiment
No.

Experiment
temperature

Diffraction
angle

Interlayer
distance Height FWHM

Crystallite
size Reactivity

°C 2θ, deg d, Å n,
counts

β, deg LC ; Å Ro, 10
−6s−1

9 780 26.57 3.352 2277 0.36 236 7.57
4 810 26.524 3.3578 413 0.20 436 7.70
8 850 26.638 3.3437 1297 0.294 290 7.05
5 880 26.589 3.350 2322 0.321 266 7.14
11 890 26.566 3.3526 10452 0.341 250 7.34
3 930 26.530 3.357 440 0.37 231 6.11
2 950 26.571 3.352 2208 0.361 236 6.97
Lump coal
[38]

- 24.58 3.6 2.14 10.37 7.8 -

Semi-coke
[38]

- 25.02 3.6 2.58 8.76 9.2 -

Coke [38] - 26.31 3.4 6.81 3.50 23.1 -

FWHM, full width at half maximum intensity of the peak.
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process is expected to have higher carbon dissolution rate in COREX process
compared to semi-coke produced in conventional coke-ovens.

Metal oxides present in the coal ash have certain catalytic effect on gasification reactions
occurring in blast furnaces and COREX units. Mainly these metal oxides are iron, calcium,

potassium, and sodium. Expected catalytic effect is designated as catalytic index (CI). Based
on the ash composition the catalytic index can be estimated using the equation:

CI ¼ Fe2O3½ � þ CaO½ � þ K2O½ � þ Na2O½ � ¼ 12:9% (8)

Zhang investigated the correlation of coke reactivity and critical coke properties using
thermogravimetric method and simulating conditions similar to blast furnace (Zhang
2018). Zhang simulated isothermal conditions occurring in a blast furnace using
a furnace and determined carbon conversion of five cokes at 1273°C. Zhang came to
a conclusion that coke initial reactivity at 1273°C reactivity is in correlation with catalytic
index (CI), ash content, crystalline size, and Brunauer–Emmett–Teller (BET) surface area.
BET surface area effect was insignificant compared to other three factors. Cham et al.
compared carbon dissolution of two cokes made from coals of similar rank, ash yield and
carbon crystallite structural parameters, and came to a conclusion that the most influential
factor is coal ash catalytic characteristic (Cham et al. 2004). According to Zhang coke
reactivity R0 empirically correlate with coke intrinsic properties according to the following
equation (Zhang 2018):

R0 ¼ 49:9�L�0:39
c �exp �9:48�A� 1� CIð Þ½ � (9)

Figure 9. Expected reactivity of semi-coke.
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where LC is the carbon crystalline size, A is the ash content of semi-coke, and CI is the
semi-coke catalytic index. Figure 9 represents the trendline for correlation between the
expected semi-coke reactivity in blast furnace and CFB partial gasification process tem-
perature. The expected reactivity was calculated using Equation 9 (Zhang 2018), semi-coke
reactivity similar to Ye et al. findings (Ye et al. 2017)

Conclusion

The feasibility of char production for use as a metallurgical semi-coke and the potential to
integrate the semi-coke production process with a thermal power plant have been eval-
uated for a circulating fluidized bed reactor. The laboratory-scale CFB reactor system was
constructed and the partial gasification of the fine fraction of Shubarkol coal was carried
out at various coal feed rates and air-to-fuel equivalence ratios.

As a result, this study experimentally proved the feasibility of a novel semi-coke
production approach involving partial gasification of coal in CFB. The process is sensitive
to the riser bed temperature, where with increasing temperature, the output of semi-coke
volatiles content decreases. Experiments demonstrated that the process is autothermal and
do not require outside inputs of energy during operation. At temperatures above 850°C,
output semi-coke has 3–6% of volatiles and more than 80% of the fixed carbon content in
all experiments. On average, it was possible to produce 300–350 kg of semi-coke per ton of
coal input in the laboratory scale process. The process has been optimized to produce
0.367 kg of semi-coke per kg of input coal. However, depending on the input coal
characteristics and CFB unit size the semi-coke output can be increased. Semi-coke is
suitable for silicomanganese production and blast furnace injection. Syngas and char
entrained away from the reactor have the considerable potential for power co-
production. In case of industrial facility with output of 100 thousand tons of semi-coke
per year, the integrated power plant can produce additional 300 GWh of power per year.

Semi-coke XRD analysis revealed that its crystalline size is considerable larger than
reference case from the literature. Partial gasification semi-coke can be used for blast
furnace injection. Semi-coke reactivity and the CFB partial gasification temperature have
negative correlation.
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