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Abstract

A unique laboratory scale auto-thermal moving bed gasifier was designed for
studying the thermochemical conversion of coal-biomass blends. For this pur-
pose, two coals (lignite and sub-bituminous), two biomass materials (corn
stover and switchgrass), and their respective blends were used. Gasification
characteristics of the fuels were evaluated with an emphasis on improving the
producer gas composition. The efficiency and product gas compositions re-
veal that utilizing the inner stainless-steel tubing better promotes heat transfer
upwards in the axial direction when compared to utilizing quartz insulation.
The H,/CO ratio at the same operating conditions is much higher due to the
increase in bed temperature and heat transfer upwards in the axial direction.
This improved the overall efficiency by at least 20%. Using pure oxygen and
steam, efficiency greater than 50% was obtained for blends with corn stover at
steam to oxygen ratio of 2:1. Also, using air as the gasifying agent greatly im-
proved the H,/CO ratios and overall efficiency in blends with corn stover. In
contrast, blends with switchgrass were not very effective with respect to the
overall gasification characteristics. Blending switchgrass with coal may not be
viable option from the viewpoint of generating high quality producer gas for
downstream operations.
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1. Introduction

Energy is the cornerstone to economic stability and development. For several
years, fossil fuels have stimulated worldwide economic growth. Only recently

have we realized that this accelerated economic growth has not occurred without
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a penalty. Combustion of fossil fuels has driven the atmospheric concentration
of carbon dioxide, the most significant greenhouse gas (GHG), and also emis-
sion of environmentally harmful compounds (sulfur, nitrogen (N) and heavy
metals) to levels not seen for several decades [1] [2]. Coal-fired power plants are
still the largest source of electricity generation in the United States (contributing
to about 42% of net electricity generation) and will keep their lead until 2040 [3]
[4]. It is expected to contribute significantly to the future energy needs in many
nations [5] [6], especially in fast-developing countries such as China and India
[5]. However, combustion of fossil fuels accounts for about 75% of total GHG
emissions [7]-[12]; therefore, coal utilization deserves special attention given the
likelihood of continued use for electricity generation and the potential for coal to
partially replace petroleum for chemicals and transportation fuels. In short, fu-
eled by the following factors, the past few years have seen an upsurge in interest
in gasification of biomass [10]:

1) Reduction in greenhouse gas emissions caused due to the combustion of
fossil fuels.

2) Need for energy independence emerging due to the depleting resources and
fluctuating prices of oil and natural gas.

3) Developing interest in renewable and locally available energy resources.

If grown in a regenerative manner, biomass systems and respective biofuels as
sub-systems can be considered to be renewable as their combustion does not
produce any net CO, emissions (CO, neutral) [13] [14] [15]. One method of re-
ducing CO, emissions from coal-fired power plants is to substitute part of the
coal feed with a renewable fuel such as biomass or waste fuels. Hence many
countries have initiated incentives in recent years to encourage the co-utilization
of biomass for energy production [16] [17]. Biomass in general has a high con-
tent of hydrogen (H), making it suitable as a blend to compensate for the of-
ten-low H content of coal. Biomass as gasification feedstock, although giving a
high hydrogen yield, has the disadvantage of low energy density because of its
high oxygen and moisture content. This shortcoming is compensated for when
blended with a higher energy content coal. Other challenges such as the seasonal
limitation of biomass are somewhat mitigated through co-conversion with coal.
The higher tar release (due to excessive volatile release and low gasification
temperature from biomass gasification) is also reduced as blending with coal in-
creases the temperature, enhancing tar cracking. Blending biomass and coal as
feedstock can reduce the shortcomings of each fuel and boost the efficacy of the
overall system [18] [19] [20] [21] [22]. The high tar content of product gases
from biomass gasification is a major and widely recognized problem. These high
tar contents arise mainly from the lower temperatures and shorter residence
times in gasifiers constructed for biomass processing compared to those de-
signed for coal gasification. Tar yields from lignocellulosic biomass materials
tend to be considerably higher than tar yields from coals [23] [24].

The quest for substitutes to fossil fuels, the need to mitigate the negative envi-

ronmental effects of fossil fuels utilization and the necessity to safely and eco-
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nomically dispose wastes have encouraged the development of alternative sources
of energy and promotion of low-quality fuels. Co-conversion of coal and bio-
mass/wastes for energy purposes and chemicals are among these alternatives.

Gasification is the most crucial step and also the bottleneck during the ther-
mochemical conversion of solid carbonaceous feed. Therefore, a thorough inves-
tigation of this process is necessary in order to produce valuable products using
downstream processes like Fischer-Tropsch synthesis and water gas shift reac-
tion. Coal gasification is an established technology that has been used over the
years to convert coal partially or completely to syngas [11]. The oxidizing agent
can be chosen as air, oxygen, steam, or a mixture of these. The resulting gas has
a low calorific value (3.8 - 5.6 MJ/Nm® versus 38 MJ/Nm’ of natural gas) when
air is used. This can be increased (10 - 18 MJ/Nm®) by using oxygen or steam but
in the latter case, sufficient heat should be provided because steam gasification is
an endothermic process. In some cases, steam is added to air to increase the level
of hydrogen in the syngas [23]. Oxygen, though primarily used for the process of
combustion, is a popular gasifying agent. It may be supplied to a gasifier either
in pure form or through air.

In any gasifier, char gasification takes place following coal pyrolysis. The re-
maining carbonaceous solids from the pyrolysis reactions are further oxidized
through heterogeneous reactions with carbon dioxide, carbon monoxide, steam,
oxygen, and hydrogen. The major reactions that occur during the gasification
process are described in Equations (1.1) through (1.7).

Reference [25] reported that biomass fuels with higher oxygen to carbon ra-
tios have larger energy losses due to their high ratio of available chemical energy
to heating value [25]. Highly oxygenated fuels are not ideal for gasifiers keeping
in view the energy losses that can be incurred and hence, solid biomass can be
more readily gasified if it is co-gasified with coal [16]. One of the major advan-
tages of co-gasification is that it can utilize a much larger variety of available
feedstock [26]. For the coal plants, partly gasifying biomass enables them to po-
tentially obtain credits for the use of renewable fuel and also lower the econom-
ics since biomass is a low-cost feedstock. Also, co-conversion of coal-biomass
blends is relatively cost-effective when compared to carbon capture and storage
(CCS) which has a high energy penalty ranging between 15% and 40% and
therefore, CCS would not be able to meet the emissions reduction targets sug-
gested by International Panel on Climate Change (IPCC) [2] [27] [28]. However,
several technical issues arise which need to be addressed to co-gasify coal and
biomass [17]. Biomass has much lower bulk density, almost one-fifth that of
coal; and higher moisture content than that of coal. Also, biomass has higher
inherent oxygen content which, though increases the reactivity, also decreases
the energy density [16] [29]. The heating values and particle densities of biomass
are about half as much as that of coal. The overall energy density of biomass is
about one-tenth that of coal. Therefore, a large volumetric flow of biomass is
needed for mixing even a small percentage of biomass with coal for co-gasification.

Due to these differences in the physical properties of the two fuels, delivery, sto-
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rage and handling costs for biomass are much higher as compared with coal [16]
[30]. The different compositions of coal and biomass also affect the thermody-
namic efficiency of the co-gasification process. Biomass generally contains high-
er oxygen to carbon ratio which is useful for gasification as it increases the reac-
tivity at lower temperatures and also lowers the amount of oxygen that is re-
quired to be added for the process [16] [25].

Although there is a large scientific knowledge base for separate gasification of
coal and biomass, the application of co-gasification technologies is still a work in
progress. It is important to develop a versatile technology that can benefit from
different fuel compositions. Therefore, this research examined the co-gasification
characteristics of different blends of coal and biomass in an auto-thermal mov-

ing bed reactor under varying reaction conditions.

C+0,—~>CO, AH = -394 kJ/mol Equation (1.1)

Combustion C+1/20,—» CO AH = -111 kJ/mol Equation (1.2)
CO +1/20,—~ CO, AH = -283 kJ/mol Equation (1.3)

Boudouard Reaction C+ CO, «—>2CO AH = +172 kJ/mol Equation (1.4)
Vapo-Gasification C+H,0+<—->CO+H, AH = +131 kJ/mol Equation (1.5)
Water Gas Shift CO +H,0 «—> CO,+H, AH=-41kJ/mol Equation (1.6)
Methanation C+2H, «— CH, AH = -75 kJ/mol Equation (1.7)

2. Materials

The US Department of Energy Coal Samples (DECS) used in this work were ob-
tained from the Pennsylvania State University Coal Sample Database while the
Center for Applied Energy Research at the University of Kentucky provided the
biomass samples [19] [31]. For this work, biomass (CS and SG) was blended in-
dividually up to 30% by weight with two different ranks of coals, namely,
DECS-38 sub-bituminous coal (SB) and DECS-25 lignite coal (LG). The samples
were crushed and sieved to 150 um before blending to limit the effects of intra-
particle heat transfer. The coal-biomass blends were prepared in proper propor-
tions and homogenized by constant stirring in the sample holders to ensure suf-
ficient dispersion.

These coals were chosen based on economic considerations, their low sulfur
content, and relatively high percentage of carbon present since the ultimate goal
is to gasify these blends in a moving bed reactor for the production of syngas
that can be used as feedstock for downstream processes such as Fischer-Tropsch
Synthesis used for producing liquid fuels. Also, keeping in view of the overall ga-
sification process, blends of higher percentages of biomass (in excess of 30% by
weight) was not possible for the conditions at which the gasifier was operated
since biomass is a low density, low heating value fuel and addition of more bio-
mass would make the gasification process less efficient. Hence, a maximum of
30% by weight of biomass was chosen for this study. Proximate analysis of the

feedstock samples was conducted according to ASTM standard D7582-12 using
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a Netzsch Jupiter STA 449 Simultaneous Thermal Analyzer.

The percentages of C, H, and N in the feedstock samples were determined ac-
cording to ASTM standard D5373-08 [32] using a LECO 628 Series Carbon/
Hydrogen/Nitrogen Analyzer comprising of a dual-stage furnace operating at
1050°C while the percentage of sulfur in the sample was determined according
to ASTM standard D4239-12 [33] using LECO SC 632 Carbon and Sulfur Ana-
lyzer and oxygen percentage obtained by difference. The proximate and elemen-
tal analyses of all the feedstock samples used in this study are shown in Table 1.
These feedstocks were then gasified in an autothermal moving bed gasifier oper-

ating at atmospheric pressure and varying O,/steam ratios.

3. Auto-Thermal Moving Bed Gasifier: Design and Operation

A laboratory-scale gasification system (Figure 1) has been designed and con-
structed for gasifying the feedstock materials (blends of coal and biomass). The
core of the system is an updraft gasifier, where pressure and temperature profiles
are measured by a pressure transducer and a set of thermocouples, respectively.
Coal/biomass is fed at the top of the gasifier by means of a quick-open flange.
Air/oxygen and steam is fed at the bottom of the gasifier and its rate is measured
by a rotameter. The design utilizes a single condenser wherein the hot outlet gas
enters a cold zone controlled using a refrigerator maintained at 5°C so that un-
reacted water and other solids can be collected more efficiently ensuring that
clean syngas is produced at the outlet of the gasifier. The air/oxygen is sent in
through the middle of the reactor so that heat coming out of the reactor can be
used to preheat the air/oxygen entering the reactor ensuring better use of waste
heat.

The gasifier is 3 feet long cylindrical stainless-steel modular flange assembly
having an internal diameter of 1.37 inches fitted with another stainless-steel tube
of 0.075 inches thick on the inside to promote better heat transfer in the axial
direction. An initial comparative study was also performed with an inner quartz
tube of similar dimensions as that of the stainless-steel tube and the outlet prod-
uct gas compositions were analyzed for the gasification of both coals at various
oxygen/steam ratios. A schematic representation of both reactor designs is
shown in Figure 2.

Table 1. Proximate and elemental analysis of feedstocks.

Feedstock Proximate Analysis (As Received Basis) Elemental Analysis (As Received Basis)
%Moisture %Fixed Carbon %VM %Ash %C % H % N % S %0
DECS-38
Sub-Bituminous Coal 22.01 39.66 34.58 3.75 56.82 3.95 0.98 0.44 12.36
DECS-25
Lignite Coal 3491 27.32 30.05 7.71 42.80 2.99 0.61 0.47 10.50
Corn Stover 5.66 10.32 76.15 7.87 42.33 6.71 0.73 0.30 42.06
Switchgrass 4.87 9.35 83.62 2.16 45.76 8.09 0.32 0.08 42.87
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Figure 1. Schematic of the laboratory scale moving bed gasification system.
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Figure 2. Schematic representation of the change in reactor design: (i) original design
with inner quartz lining; (ii) modified reactor design with inner stainless-steel tube for

better heat utilization.

The inner tube is fitted with a stainless-steel grate with apertures large enough

to let the ash pass through but small enough to hold the feed material. The grate

is connected to a mechanical rotary linear feed-through to periodically remove

ash. The bottom zone, under the grate, has another cylindrical stainless-steel
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flange with a height of about 5 inches to collect and then discharge the ash pro-
duced in the process. The grate at the bottom of the gasifier is used not only for
holding the solid particles together but also as an oxidant distributor. The oxi-
dant, fed at the bottom of the reactor, flows along the channels and exits through
the small holes along the grate, so it is distributed across the whole section of the
gasifier. At the bottom, a small tube allows the use of pre-heated steam to enter
the bed. Temperature profiles along the gasifier axis are measured by a set of
K-type thermocouples placed within a steel protective tube.

The feeding system is constituted by a conical chamber enclosed in a quick-
open flange about 5 inches in height. As stated earlier, the product gas stream
flows through a condenser maintained at 5°C where the condensed liquids flow
down the tubes and capture the solid particles entrained by the gas. At the bot-
tom, the liquid phase is discharged and collected for further analysis. Condens-
ers, wet scrubbing, packed bed, and cartridge filters constitute the gas-cleaning
system, which though not optimized, guarantees a gas sufficiently clean for
gas-chromatographic analysis (GOWMAC Auto System GC equipped with
thermal conductivity detector (TCD) and a packed column). Gas sampling and
analysis are carried out at selected times during the whole duration of the tests.

There are two possible operation modes of the gasifier, corresponding to a
constant or a variable bed height. In the first modality, after ignition, the bed
height is brought to the desired value and maintained constant. This is achieved
by feeding the solid material at proper time intervals. Therefore, because of vari-
ations in the oxidant flow rate, the oxidant-to-fuel ratio will also vary, given that
the fuel feed rate is the adjustable variable to control the (constant) bed height.
The feeding process is an important aspect in the operation of fixed-bed gasifi-
ers. The rate of feed consumption is essentially dependent on the intrinsic reac-
tivity and the rate of oxidant supply. Sufficient feed can be added to keep the bed
height at a constant value. However, as the rate of feed consumption increases
with the oxidant flow rate, the feeding frequency should also be properly ad-
justed. In particular, a limit is expected at very high flow rates, when the feeding
frequency becomes so high that a semi-continuous procedure is no longer possi-
ble. The rate of feed consumption can also be adjusted by choosing a proper rate
of solid discharge at the grate, but this may be problematic for small-scale sys-
tems. Indeed, frequent solid discharge causes significant heat loss (the dis-
charged solid is at an elevated temperature), with the introduction of instabilities
in the gasification process.

In the second modality, gasification tests can be made for different oxidant-
to-fuel ratios, thus allowing the bed height to vary. For instance, after the selec-
tion of the oxidant flow rate, the fuel feed rate can be varied and, consequently,
the bed height will also vary. However, it can be understood that there is again
a limit at very low fuel feed rates, when the continuous operation approaches
the behavior of a batch system and the processes of drying/devolatilization, on
one side, and gasification/combustion, on the other side, tend to become un-

coupled.
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The first step in the gasification process is the ignition of the bed. This is
caused by adding small amounts of externally heated coal particles onto the grate
while supplying the oxidant at low flow rates of approximately 100 ml/min to
150 ml/min. The feed material is then added onto the heated coal particles and
the oxidant flow rate is increased, thus causing ignition of the bed. Once the bed
is ignited, pre-heated steam enters the bed through the grate at the bottom.
Experiments have been performed with varying oxygen flow rates ranging
from 150 ml/min to 650 ml/min and varying steam flow rates of 150 ml/min to
1600 ml/min. Apart from varying the oxygen to steam ratio, tests have also been
performed with varying oxygen partial pressure on DECS-38 sub-bituminous

coal.

4. Results and Discussion

4.1. Gasification with Varying Oxygen/Steam Ratio

4.1.1. Quartz Insulation

The gasification of DECS-38 sub-bituminous coal was first carried out in the
moving bed gasifier using internal quartz insulation with varying oxygen to
steam ratios. The oxygen flow rate was maintained constant at 650 ml/min while
the flow rates of steam were varied from 0 to 1625 ml/min. The average compo-
sition of the product gases and the calculated energy efficiency values are pro-

vided in Table 2 and Table 3 respectively.

Table 2. Average composition of product gases obtained during gasification of DECS-38
sub-bituminous coal with varying oxygen to steam ratios.

Average Composition of Product Gases, %

f;f;;‘t’cz H,0:0, H;CO CO:CO, (H,+CO):CO, H,% CO% CH,% CO,%
75 0.00 0.14 0.90 1.02 5.39% 39.52% 1.43% 44.02%
115 1.00 0.37 0.78 1.07 12.35% 33.57% 1.35% 42.93%
110 1.50 0.48 0.72 1.08 15.09% 30.26% 1.31% 42.16%
85 2.00 0.81 0.49 0.88 17.31% 21.36% 1.58% 41.81%
235 2.50 0.91 0.47 0.90 18.23% 20.12% 1.29% 40.78%

Table 3. Calculated energy efficiency during gasification of DECS-38 sub-bituminous
coal with varying oxygen to steam ratios.

H,0:0, Max H;:CO Max CO:CO, Energy Input (K]) Energy Output (K]J) Efficiency %

0.00 0.15 1.03 1504 378 27.9%
1.00 0.55 0.82 2614 953 42.9%
1.50 0.59 0.74 2499 1067 49.8%
2.00 0.90 0.46 1990 676 40.4%
2.50 1.20 0.46 5437 1922 40.4%
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Once the composition of the product species is obtained, the gross heating value
of the gases and the energy conversion efficiency of the gasifier can be calculated

using the following equations [24] [34].
GHV,,, =Y GHV.X, (4.1)

gases

where, GHV is the gross heating value in kJ/m’ and X; is the mole fraction of the
fuel gases, 7= CO, CH, and H,.

Myas = GHV s /[ N # GHV g + N,

gases steam

*18{1+4.18(373-298)} | (4.2)

where, N, and N, correspond to the moles of fuel and steam supplied,
respectively, to the gasifier and A is the enthalpy of vaporization. GHVy,, is
the gross heating value of the fuel in kj/kg and 7, is the energy conversion
efficiency.

Figures 3-5 describe the results obtained during the gasification of sub-
bituminous coal for varying steam to oxygen ratios. As seen from Figure 3, the
increase in the amount of steam fed to the gasifier at constant oxygen flow rate
(increased atoms of hydrogen supplied to the gasifier) results in an increase in
the hydrogen percentage and a decrease in the percentage of carbon monoxide
and carbon dioxide. The amount of methane produced should also increase with
the steam supplied to gasifier. However, as the amount of methane produced
during all the experiments was less than 2%; it was difficult to establish a trend
for methane using the obtained data. When experiments were performed with
steam to oxygen ratio above 2.5 in the non-externally heated moving-bed gasifi-
er, the combustion zone at the bottom of gasifier was extinguished in a very
short period. Increasing steam flow rates to higher values imply decreasing the
oxygen supplied to the gasifier.

Thus, the exothermic reaction heat is not sufficient to maintain self-sustained
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50% - .
° Constant Oxygen flowrate = 650 ml/min
45% St . %
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<
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> e e em om cofen am ef) o e off > e A

Figure 3. Average compositions of the product gases obtained during gasification of sub-
bituminous coal with varying steam/oxygen ratios.
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Figure 5. Maximum ratios of the product gases and efficiency obtained during gasifica-
tion of sub-bituminous coal with varying steam to oxygen ratios.

reaction. Figure 4, using the data from the same experiment, shows that the ra-
tio of carbon monoxide to carbon dioxide in the product stream decreases with
an increase of steam supplied to the gasifier. Similarly, the ratio of syngas pro-
duced to the amount of carbon dioxide produced, increases up to a certain value
of steam to oxygen ratio (Steam:O, = 1.5) and then decreases. This is due to the
reason that the production of carbon monoxide diminishes with increasing
steam ratio. It can be observed from Figure 5 that the energy conversion effi-
ciency, as described in Equation (4.2), increases up to a steam ratio of 1.5 and

then decreases with higher steam ratios. The highest energy conversion efficien-
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cy obtained is approximately 50% at a steam ratio of 1.5. The efficiency decreases
for steam ratios above 1.5 since the exothermic zone at the bottom of the bed is
either no longer available or that the endothermic zone is much more prevalent

at higher steam ratios.

4.1.2. Stainless Steel Reactor: Gasification of Coal Feedstocks
As stated earlier, a comparative study on the effectiveness of using inner stain-
less-steel tubing in place of quartz tubing was performed at various oxygen/
steam ratios for DECS-38 sub-bituminous coal. This was done to improve the
heat transfer in the axial direction and thereby improve the useful product gas
composition in the outlet gas and improve the overall efficiency of the gasifier.
The product gas compositions and efficiency at various O,/steam ratios for gasi-
fication of sub-bituminous coal are presented in Table 4(a) and Table 4(b).
Clearly, with an increase in the concentration of steam in the gasifier the
trends of the product gas compositions are similar to those obtained using an
inner quartz lining. But, it must be noted here that the percentage of hydrogen
generated at same operating conditions is much higher due to the increase in
bed temperature (complete consumption of oxygen which was not achieved
when using quartz insulation)) and transfer of heat upwards in the axial direc-
tion and thus, better heat utilization which improved the overall efficiency by at

least 20% when the steam concentration was at its maximum in the gasifier.

Table 4. (a) Average composition of product gases obtained during gasification of sub-
bituminous coal at varying O,/steam ratios in the stainless-steel moving bed gasifier; (b)
Average ratios of desired product gases and calculated energy efficiency during gasifica-
tion of sub-bituminous coal at varying O,/steam ratios in the stainless-steel moving bed
gasifier; (c) Average composition of product gases obtained during gasification of lignite
coal at varying O,/steam ratios in the stainless-steel moving bed gasifier; (d) Average ra-
tios of product gases and energy efficiency during gasification of lignite coal at varying
O,/steam ratios in the stainless-steel moving bed gasifier.

(a)

Material Operating Conditions Average Product Gas Compositions

Air 0O, Steam
Steam:0, H,% CO% CH% CO,%
ml/min ml/min ml/min

650 0 0 12.85% 32.96% 3.50% 41.71%
650 325 0.5 20.53% 31.27% 3.21%  41.69%
650 650 1 24.39%  26.13% 3.09%  41.68%
DECS-38 650 1300 2 26.65% 21.63%  2.53%  42.66%
Sub-Bituminous
Coal 1400 300 0.00 0 4.94% 5.90% 0.00%  13.92%
1400 300 150 0.5 5.27% 5.48% 0.00% 13.83%
1400 300 300 1 5.95% 5.01% 0.00% 13.68%
1400 300 600 2 7.35% 4.48% 0.28%  13.51%
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(b)

Material Operating Conditions Average Ratios of Product Gases Efficiency %

Air 0, Steam
H,:CO CO:CO, Syngas/CO,
ml/min ml/min ml/min

650 0.00 0.39 0.79 1.10 47.2%
650 325 0.66 0.75 1.24 45.9%
650 650 0.93 0.63 1.21 53.6%
DECS-38 Sub- 650 1300 1.23 051 1.13 58.3%
Bituminous
Coal 1400 300 000 084 042 0.78 19.6%
1400 300 150 0.96 0.40 0.78 21.0%
1400 300 300 1.19 0.37 0.80 23.1%
1400 300 600 1.64 0.33 0.88 23.9%
(0)
Material Operating Conditions Average Product Gas Compositions
Air o, Steam
Steam:0, H,% CO% CH% CO,%
ml/min ml/min ml/min
650 0 0 12.40% 35.73% 2.39% 45.97%
650 325 0.5 16.14% 34.43% 1.95% 46.37%
650 650 1 20.81% 27.58% 1.73%  45.47%
DECS-25 650 1300 2 2583% 22.03% 0.95%  45.90%
Lignite Coal 1409 300 0.00 0 437%  7.65%  0.00%  14.95%
1400 300 150 0.5 6.45% 7.45% 0.00%  14.72%
1400 300 300 1 8.20% 6.98% 0.00%  14.80%
1400 300 600 2 11.37%  5.60% 0.00%  14.20%
(d)
Material Operating Conditions Average Ratios of Product Gases Efficiency %
Air o, Steam
H,:CO CO:CO, Syngas/CO,
ml/min ml/min ml/min
650 0.00 0.35 0.78 1.05 58.1%
650 325 0.47 0.74 1.09 55.2%
650 650 0.75 0.61 1.06 58.8%
DECS-25 650 1300 1.17 0.48 1.04 61.9%
Lignite Coal 1490 300 0.00 0.57 0.51 0.80 31.1%
1400 300 150 0.87 0.51 0.94 35.9%
1400 300 300 1.17 0.47 1.03 41.7%
1400 300 600 2.03 0.39 1.19 52.1%

Also, unlike the quartz insulation where the efficiency increased only until a

certain point and the maximum steam/O, ratio that could be utilized was 1.5, in
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this experimental set-up, the efficiency increased steadily until a steam/O, ratio
of 2:1. Apart from this, the ratios of H,/CO, CO/CO, and syngas/CO,, which
dictate the quality of the product gas, are markedly higher as compared with the
previous experimental set-up. Hence, the current experimental set-up was uti-
lized for analyzing the product gas trends during the gasification of various
blends of coals and biomass materials. Once it was established that utilizing an
inner stainless-steel lining improves the overall energy efficiency of the gasifier
and quality of syngas produced, the process was repeated for the gasification of
lignite coal. The product gas compositions and energy efficiency at various
O,/steam ratios for gasification of lignite coal are presented in Table 4(c) and
Table 4(d).

4.1.3. Stainless Steel Reactor: Blends with Corn Stover

Corn Stover was blended with both coals at various percentages, the maximum
composition being 30% by weight of corn stover. Blending higher concentrations
of corn stover (>30% by weight was not feasible) resulted in the reactions inside
the gasifier being extinguished due to low temperatures achieved at the bottom
of the gasifier. The blends of both coals with corn stover were gasified at various
O,/steam ratios and air/steam ratios and the product gas trends were analyzed ac-
cordingly. Table 5 and Table 6 provide an insight into these compositions and

Table 5. Average composition of product gases and energy efficiency obtained during gasification of blends of sub-bituminous

coal and corn stover at varying O,/steam ratios in the lab scale stainless steel moving bed gasifier.

Material Operating Conditions Average Product Gas Compositions Average Ratios of Product Gases
Air o, Steam Tgas 0

Steam:O, H,% CO% CH% CO,% HxCO CO:CO, Syngas/CO,

ml/min ml/min ml/min
650 325 0.5 19.4 319 6.79 43.29 0.61 0.74 1.19 48.5
650 650 1 23.2 26.6 6.18 43.69 0.87 0.61 1.14 51.1
90% SB 650 1300 2 26.1 222 546 4313 118 051 1.12 533
10‘; cs 1400 300 150 0.5 4.54 3.36 0.00 13.91 1.35 0.24 0.57 20.5
1400 300 300 1 6.57 5.45 0.07 14.17 1.21 0.38 0.85 44.6
1400 300 600 2 7.83 6.18 0.17 14.59 1.27 0.42 0.96 48.2
650 325 0.5 13.8 253 6.01 48.17 0.54 0.53 0.81 20.3
650 650 1 15.6 22.5 5.94 47.43 0.69 0.48 0.81 324
80% SB 650 1300 2 244 201 583 4711 121 043 0.82 37.1
209: CS 1400 300 150 0.5 4.59 4.74 0.11 13.50 0.97 0.35 0.69 23.1
1400 300 300 1 7.23 5.92 0.00 13.80 1.22 0.43 0.95 47.1
1400 300 600 2 7.45 6.11 0.00 13.73 1.22 0.45 0.99 50.4
650 325 0.5 12.1 18.1 5.08 56.67 0.67 0.32 0.54 21.0
650 650 1 14.2 15.7 4.29 56.79 0.91 0.28 0.53 25.0
70% SB 650 1300 2 16.9 130 400 5617 129 023 0.53 28.6
309: cs 1400 300 150 0.5 4.34 3.25 0.00 14.86 1.33 0.22 0.51 253
1400 300 300 1 7.18 5.28 0.00 15.44 1.36 0.34 0.81 41.3
1400 300 600 2 8.91 6.21 0.00 15.13 1.44 0.41 1.00 43.5
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Table 6. Average composition of product gases and energy efficiency obtained during gasification of blends of lignite coal and
corn stover at varying O,/steam ratios in the lab scale stainless steel moving bed gasifier.

Material Operating Conditions Average Product Gas Compositions Average Ratios of Product Gases
Air 0O, Steam Tgas %0

Steam:0O, H,% CO% CH% CO% HiCO CO:CO, Syngas/CO,

ml/min ml/min ml/min

650 325 0.5 1414 321 721 4645 044 0.69 1.00 414
650 650 1 1773 272 6.03 4620  0.65 0.59 0.97 494
90% LG 650 1300 2 2019 216 581 4605 093 0.47 0.91 58.3
1092 cs 1400 300 150 0.5 6.30 8.00 000 1366  0.79 0.59 1.05 359
1400 300 300 1 1087  8.62 000 1326 126 0.65 1.47 57.2
1400 300 600 2 1383 9.81 0.00  13.01 1.41 0.75 1.82 64.6
650 325 0.5 1341 239 743 5112 0.56 047 0.73 36.2
650 650 1 1643 206 622 5194 079 0.40 0.71 423
80% LG 650 1300 2 1878 181 519 5174  1.04 0.35 0.71 48.0
2092 cs 1400 300 150 0.5 6.64 8.38 000 1271 079 0.66 1.18 375
1400 300 300 1 1194 773 000 1333 155 0.58 1.48 52.8
1400 300 600 2 1398 614 0.00 1348 228 0.46 1.49 61.1
650 325 0.5 1292 171 693 6093 075 0.28 0.49 292
650 650 1 1518  15.1 651 6117  1.00 0.25 0.50 345
70% LG 650 1300 2 1801 123 506  6LI11 1.45 0.20 0.50 384
3092 cs 1400 300 150 0.5 5.22 5.69 000 1476 092 0.39 0.74 29.1
1400 300 300 1 1203 129 000 1165 093 1.11 2.14 64.1
1400 300 600 2 1373 140 000 1434 098 0.98 1.94 66.5

the effect that addition of corn stover to coal had on the quality of gases pro-
duced.

For blends of both coals with corn stover (Table 5 and Table 6), it may be
observed that with an increase in the inlet steam: O, ratio, the composition of H,
in the outlet stream increases, composition of CO decreases while CO, remains
constant in all experiments indicating that Boudouard reaction (Equation (1.4)),
water gas reaction (Equation (1.5)) and water gas shift reaction (Equation (1.6))
are taking precedence. For instance, addition of 10% by weight of corn stover to
pure sub-bituminous coal and varying the O,: steam ratios from 2:1 to 0.5:1 re-
sults in a significant increase in the fraction of hydrogen in the dry product gas
from approximately 19% to 26% while the percentage of carbon monoxide de-
creases from approximately 32% to 22% whereas the fraction of carbon dioxide
remains fairly constant at approximately 43%. In other words, the ratio of H,/CO
increases with the addition of steam to the gasifier. This can be attributed to the
fact that addition of excess steam to the gasifier lowers the temperatures which
favor the conversion of char to CO and H, and the generated CO is converted to
CO, and more H, through water gas shift reaction [35]. The gas compositions

can also be compared by increasing the corn stover percentage in the blend, and
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holding the O,:steam ratio constant. An increase in corn stover percentage yields
lower hydrogen and carbon monoxide while increasing the carbon dioxide yield
in the product gas (Figure 6(a)). For illustration, at a steam:O, ratio of 2:1, the
fraction of carbon monoxide decreases from 21% to 13%, hydrogen percentage
decreases from 27% to 17% while carbon dioxide increases from 42% to 56%
when corn stover is increased from 0% to 30% in blends with sub-bituminous
coal. This observed effect is significant with confidence intervals greater than
95%.
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Figure 6. (a) Effect of increasing percentage of corn stover on the product gas composi-
tions in its blends with DECS-38 Sub-Bituminous coal (Steam/O, = 2); (b) Effect of in-

creasing percentage of corn stover on the desired product gas ratios and efficiency in its
blends with DECS-38 Sub-Bituminous coal (Steam/O, = 2).
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4.1.4. Stainless Steel Reactor: Blends with Switchgrass
The gasification of blends of both coals with switchgrass was also performed
under similar conditions as that of corn stover and the results were compared

for compositions and efficiencies obtained as shown in Table 7 and Table 8.

Table 7. Average composition of product gases obtained during gasification of blends of sub-bituminous coal and switchgrass at
varying O,/steam ratios in the lab scale stainless steel moving bed gasifier.

Feed Process Conditions Ratio of Product Gases Average Product Gas Compositions  7,,,%

Air 0O, Steam
Steam/O, H,:CO CO:CO, (H,+ CO):CO, H,% CO% CH% CO,%
ml/min ml/min ml/min

650 325 0.5 0.61 0.63 1.02 177 289 521 458 271
650 650 1 0.89 0.53 1.00 217 243 575 460 304

90% SB + 650 1300 2 1.15 0.49 1.05 263 228 469 466 535
10% SG 1400 300 150 0.5 0.96 0.28 0.55 415 432 0.0 15.4 17.3
1400 300 300 1 1.15 0.28 0.61 504 438 118 154 257

1400 300 600 2 1.50 0.26 0.65 619 412 178 159 298

650 325 0.5 0.72 0.37 0.63 14.1 197 542 536 235

650 650 1 1.01 0.32 0.63 16.6 164 450 521 307

80% SB + 650 1300 2 1.22 0.28 0.62 18.1 148 465 5357 333
20%SG 1400 300 150 0.5 0.73 0.23 0.40 3.01 414 0.00 17.6 164
1400 300 300 1 0.92 0.25 0.47 396 433 070 175 248

1400 300 600 2 1.05 0.26 0.53 487 465  0.00 179 289

650 325 0.5 0.65 0.26 0.33 10.3 160 573 625 218

650 650 1 0.82 0.23 0.43 118 145 428 620 268

70% SB + 650 1300 2 1.31 0.16 0.46 13.0 100 478 634 283
30% SG 1400 300 150 0.5 0.43 0.32 0.46 3.19 743 0.00 23.1 14.8
1400 300 300 1 0.64 0.29 0.47 461 721 000 249 221

1400 300 600 2 071 0.29 0.50 4.98 701 000 241 277

Table 8. Average composition of product gases obtained during gasification of blends of lignite coal and switchgrass at varying
O,/steam ratios in the lab scale stainless steel moving bed gasifier.

Feed Process Conditions Ratio of Product Gases Average Product Gas Compositions 1gas %

Air 0, Steam

Steam/O, H,:CO CO0:CO, (H,+ CO):CO, H,% CO% CH% CO,%
ml/min ml/min ml/min

650 325 0.5 0.55 0.56 0.87 16.6 300 596 536 371

650 650 1 0.72 0.46 0.80 17.5 244 562 525 507

90% LG + 650 1300 2 0.82 0.43 0.78 18.3 223 482 520 590
10% 8G 1400 300 150 0.5 0.78 0.40 0.72 5.75 733 0.00 182 303
1400 300 300 1 0.84 0.37 0.68 5.91 701 0.00 189 331

1400 300 600 2 0.88 0.38 0.71 6.08 6.9 0.00 181 380
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Continued
650 325 0.5 0.60 0.30 0.48 115 190 544 632 344
650 650 1 0.94 0.24 0.46 144 153 400 641 367
80% LG + 650 1300 2 1.23 0.20 0.44 15.6 127 451 640 465
20%SG 1400 300 150 0.5 0.72 0.25 0.43 3.29 455  0.00 184 241
1400 300 300 1 0.70 0.38 0.65 437 624  0.00 163 349
1400 300 600 2 0.72 0.44 0.76 5.15 718 0.00 161 397
650 325 0.5 0.44 0.21 0.30 6.35 143 351 698 201
650 650 1 0.67 0.18 0.30 8.53 128 300 709 219
70% LG + 650 1300 2 0.78 0.16 0.29 9.13 116 300 711 255
30% SG 1400 300 150 0.5 0.59 0.22 0.34 2.02 344 0.00 15.8 146
1400 300 300 1 0.58 0.23 0.36 2.48 430 0.00 189 190
1400 300 600 2 0.59 0.26 0.42 2.96 500  0.00 189 230

Under similar experimental conditions, the product gas compositions obtained
with switchgrass blends follow trends that are in comparison with corn stover
blends. But it can be clearly observed that the overall energy efficiencies obtained
are much lower than that of blends with corn stover. This is because a much
higher fraction of carbon dioxide is generated during gasification of these
blends. A possible reason for this could be the fact that removal of higher per-
centage of volatile matter from switchgrass during pyrolysis may be resulting in
char with higher void fraction due to which the interaction with incoming steam
is reduced, thereby, generating more carbon dioxide through combustion in the

bottom zone of the gasifier.

5. Conclusions

The main objective of this work was to investigate the thermochemical conver-
sion of blends of coal and biomass to create an alternative technology for offset-
ting the load on the usage of fossil fuels in producing energy. Gasification cha-
racteristics of the single fuels, as well as blended feedstocks, were evaluated with
an emphasis on improving the producer gas composition. Based on the research
work performed, some of the major conclusions and contributions are enlisted:
1) A laboratory-scale moving gasification system has been designed and con-
structed for the purpose of gasifying the feedstock materials. The efficiency and
product gas compositions obtained reveal that utilizing an inner stainless-steel
tubing better promotes heat transfer upwards in the axial direction when com-
pared to utilizi quartz insulation. The trends of the product gas compositions are
similar to those obtained using an inner quartz lining. However, the percentage
of hydrogen generated at same operating conditions is much higher due to the
increase in bed temperature (complete consumption of oxygen which was not
achieved when using quartz insulation) and transfer of heat upwards in the axial

direction and thus, better heat utilization which improved the overall efficiency
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by at least 20% when the steam concentration was at its maximum in the gasifi-
er. Also, unlike the quartz insulation where the efficiency increased only until a
certain point and the maximum steam/O, ratio that could be utilized was 1.5, in
this experimental set-up, the efficiency increased steadily until a steam/O, ratio
of 2:1. In addition, the ratios of H,/CO, CO/CO, and syngas/CO,, which dictate
the quality of the product gas, are markedly higher as compared to the experi-
mental design utilizing an inner quartz lining.

2) Using a mixture of nitrogen and oxygen in the feed gas stream, the inlet gas
stream flow rate of 1625 ml/min and oxygen percentage of 40% provides the
highest energy conversion efficiency and a max CO:CO, ratio of approximately
3:1. The bed temperature range during the gasification of sub-bituminous coal
was generally observed to be between 600°C and 800°C for the experiments with
varying steam ratios and between 800°C and 1000°C for the experiments with
varying oxygen partial pressures.

3) Using pure oxygen and steam in the inlet gas stream, energy conversion ef-
ficiencies greater than 50% were obtained for blends of both coals with corn
stover at a steam to oxygen ratio of 2:1. Also, replacing pure oxygen with air as
the gasifying agent greatly improved the H,:CO ratios (greater than 2:1 in some
cases) and overall efficiency in blends with corn stover. This is due to the fact
that the addition of air at a much higher flow rate than oxygen promoted the
heat transfer axially along the gasifier, resulting in better temperature distribu-
tion and hence, promoting the reaction char with steam. In contrast, blends with
switchgrass are not very effective with respect to the overall gasification charac-
teristics. This could be speculated to be because of the fact that no synergy and
interactions exist in blends with switchgrass and addition of switchgrass to a coal
source may not be very effective from the viewpoint of generating high quality

producer gas for downstream operations (Fischer-Tropsch synthesis, etc.).
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