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Abstract

The co-gasification of biomass and coal is a promising approach for efficiently integrating the unique
advantages of different gasification feedstock with syngas production. Additionally, syngas from the
co-gasification of locally available biomass and coal could supplement the natural gas used in
household and industrial burners. The top-lit updraft gasifier features a moving ignition front that
starts at the top and propagates downward through the solids bed, while air enters from the bottom
and the gas product flows upwards. This study assesses the co-gasification performance of palm

kernel shell and high-volatile bituminous coal in a top-lit updraft fixed bed gasifier using 70, 85, and



100 vol % biomass and equivalence ratios ranging from 0.26 to 0.34. The results indicate that the
ignition front propagates faster and is more uniform as the biomass volume increases. Micro GC
analysis revealed that the H»/CO ratio remained in the range of 0.57-0.59, 0.49-0.51, and 0.42-0.46
for experiments with 70, 85, and 100 vol % biomass, respectively. A gas interchangeability analysis
showed that syngas-natural gas blends with up to 15 vol % of syngas could combust in atmospheric
natural gas burners without modifications. Thus, the top-lit updraft gasifier shows excellent potential
for the co-gasification of coal and biomass. Further research on this technology should explore steam

as a gasification agent to enhance the syngas energy content and continuous solids feeding.
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Nomenclature
a correction coefficient for individual hydrocarbons
Ar cross-sectional area m?
AF Air-Fuel ratio
AF; stoichiometric Air-Fuel ratio
C mass percentage of atomic carbon % wt
CCE Carbon Conversion Efficiency %
CGE Cold Gas Efficiency %
Cpot combustion potential

dafb dry-ash-free basis

db dry basis
dpc coal particle size Mm
d, relative density

FC Fixed Carbon % wt



HVBC
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NG
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High Heating Value of gas
Wobbe Index

corrected Wobbe Index
correction factor 1
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Lower Heating Value
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Liquid Organic Hydrogen Carrier
fuel mass flow rate

Natural Gas

Palm Kernel Shell

air volumetric flow
temperature

time

Thermogravimetric Analysis
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maximum temperature
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Xash ash content % wt

Y dry gas yield Nm’kg'!

Vi molar fraction of compound i.

Ax distance between consecutive thermocouples Mm

O equivalence ratio

Pb bulk density kg m?
Introduction

Biomass-coal co-gasification takes advantage of the renewable character and high reactivity of
biomass and the availability and high energy content of coal. Therefore, syngas from the co-
gasification of locally available solid fuels should be considered next to natural gas and green
hydrogen as complementary gaseous fuels. This study presents experimental results for the co-
gasification of Palm Kernel Shell (PKS) and High-Volatile Bituminous Coal (HVBC), focusing on
syngas composition and its interchangeability with natural gas. The gasifier is a Top-Lit Updraft or
TLUD, a vertically oriented fixed bed in which the ignition front moves from the top to the bottom
while the syngas flows upward through the bed of char and ashes [1]. Moving grate furnaces and
cookstoves use the TLUD operation mode [2]—[4]. This study evaluates the syngas composition for
PKS-HVBC blends, two solid fuels highly available in Colombia. The study evaluates the ignition
front propagation velocity, temperature profiles at several axial locations, cold gas efficiency, carbon
conversion efficiency, and the lower heating value of the syngas. As a distinguishing feature, the
study also assesses the syngas integration in domestic or industrial combustion applications via a gas

interchangeability analysis with different natural gas references.

Energy supply reliable and affordable that allows enhancing the living standards of the humans must
be joined to strategies to mitigate adverse environmental impacts [5]. Fuel derived from petroleum,

natural gas, and coal corresponds to the principal fuels used for energy transformation. Using these



fuels to generate heat and power releases significant amounts of greenhouse gasses, which cause
environmental and health problems [6]. Biomass, a potential carbon-neutral fuel, could supplement

traditional fossil fuels [7].

Colombian coal reserves, classified as anthracite and bituminous coal, reached 4554 proved Mt in
2019 [8]. These coal reserves would last 170 years, while Colombian petroleum and natural gas would
run out within 7 and 15 years, respectively, based on the current consumption rate [9]. Additionally,
Colombia produces nearly 29 Mt/yr of residual biomass from sugar cane, rice husk, coffee husk, oil
palm, and other crops with a primary energy potential of 12000 MWh/yr [10]. The oil palm industry
produces significant amounts of residual biomass. Studies show that processing 1.0 t of fresh palm
fruits results in 0.07 t of empty fruit bunches, 0.103 t of fibers, and 0.012 t of PKS [11]. PKS

distinguishes by a relatively high Lower Heating Value (LHV) of 18 MJ kg™ [12], [13].

The syngas mainly consists of CO, H,, CHa, CO,; however, when air is the gasification agent, the
syngas contains large amounts of N, [14], which could produce higher amounts of NOx when the
syngas burns at relatively high temperatures [15]. In addition, the nitrogen content presents in the
feedstocks also contributes to NOx formation. NOx emissions contribute to global warming and harm
human health because they produce nausea, headache, and irritation to the eye and throat [15].
However, NOx formation from biomass gasification is lower than that formed from fossil fuel
gasification [15]. Therefore, syngas obtained from biomass-fossil fuels co-gasification processes
could reduce NOx emissions. The syngas has applications for heat and power generation but also
chemicals and fuels. Gasification is nowadays a widely recognized biomass conversion process.
However, its main drawbacks are excessive tar production [16], seasonal dependency, and the broad
size distribution and variable composition of solids fuels [17]. Although coal is a fossil fuel, its co-
gasification with biomass can reduce its environmental impact while alleviating the seasonal

dependence issue [18]. The syngas obtained by co-gasification combines the properties of biomass



and coal. Additionally, studies report that biomass enhances the overall reactivity of coal due to its

relatively high volatiles content, which improves the rate of heterogeneous reactions [19].

Fluidized and fixed beds are typical gasifiers used in the co-gasification of biomass and coal [20].
Fluidized bed gasifiers handle feedstocks with a wide particle size distribution. However, the obtained
syngas has excessive tar content, and ash melting could affect fluidization quality. On the other hand,
fixed bed gasifiers can produce syngas with lower tar content, although their use is limited to small-
scale applications, i.e., lower than 2 MWe [21]. Some studies report the co-gasification of diverse
biomasses and coals in fluidized bed [16], [18], [22]-[24], downdraft fixed bed [19], [25], [26], and
entrained flow gasifiers [27]. These works mainly study syngas composition, coal and biomass
properties, blend composition, tar reduction, and synergistic effects, while syngas applications remain

less explored.

In this study, we use a TLUD fixed bed gasifier to co-gasify PKS and HVBC. The obtained syngas
passes through a bed of char and ashes produced by the downward-moving ignition front. Published
studies also refer to the TLUD operation as inverted downdraft [28], [29], reverse downdraft [30]-
[32], and reverse combustion [33]. TLUD-related applications are biochar [34], syngas [35], [36],
and combined biochar-syngas production [28], [37], [38]. Due to its relatively low construction costs
and convenience for small-scale applications, TLUD gasifiers can potentially provide fundamental
data for the design and operation of moving grate furnaces and fixed bed gasifiers for solid waste [4],

[39], [40], and biomass [2], [41].

Air is the most common oxidizer used in TLUD gasifiers, producing syngas with an LHV in the range
of 2-5 MJ m™ [28], [37]. Some studies report the increase of CO and H, contents with increasing air
superficial velocity while presenting an opposite trend for CO, and CH4 [30], [35], [38]. Likewise,
high operation temperature in the TLUD gasifier increases CO and H: content, enhances tar
conversion, and promotes syngas production. In addition, some studies point out that the energy

content of the syngas rises with an increase in the inner diameter of the TLUD for a fixed air



superficial velocity, as was observed in [42] and confirmed by Perez et al. [43]. The latter study noted
an increase in syngas quality because a higher diameter enhanced the adiabaticity of the gasifier. The
studies mentioned above have tested the biomass gasification in TLUD gasifiers; nevertheless, the
co-gasification of coal and biomass remains less explored. Therefore, this study contributes to closing

the lack of experimental work in this area.

This article is organized as follows. The first sections describe the feedstock properties, the
experimental setup, and the experimental conditions. Subsequently, the gas sampling procedure, the
experimental procedures, and the gas interchangeability analysis are presented. Next, the values
obtained in the experiments are used to describe the gasification regime in the TLUD gasifier by
assessing the temperature profiles, the ignition front propagation velocity, and the equivalence ratio
in the process. Then, the syngas compositions and the performance of the TLUD are discussed based
on the syngas LHV, cold gas efficiency, and carbon conversion efficiency. Finally, the

interchangeability for the syngas-natural blends is addressed.

2. Materials and methods

2.1. Feedstock

The experiments reported in this study used PKS and HVBC. Sieve analysis showed a particle size
of PKS 0f 4.9 £ 2.3 mm (mean and standard deviation). The used HVBC was into the sieve fraction
4.7-9.5 mm. The moisture content of the air-dried PKS and HVBC amounted to 6.0 and 2.0 % wt,

respectively.

2.2. Experimental setup

Figure 1 shows a side view of the TLUD gasifier, the gas sampling section, and the data acquisition
system. The TLUD gasifier has an inner diameter of 152.4 mm, a height of 900 mm, and a 25 mm
thick fiberglass thermal insulation layer (A detailed description of the TLUD setup used in this study

can be found in a previous publication [1]). A blower supplies atmospheric air at the lower part of the



reactor. Before entering the reactor, the air passes through a manual control valve and a flow meter.
The temperature data acquisition system includes six K-type thermocouples. The tip of each

thermocouple reached the center of the bed.
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Figure 1. Schematic representation of the top-lit updraft (TLUD) fixed bed reactor setup.
2.3. Experimental conditions

The experimental variables were air superficial velocity (vy), defined as the air volumetric flow
divided by the cross-sectional area of the reactor, and coal volume percentage (V P.). The measured

temperature profiles and vg enable the estimation of the ignition front propagation velocity (uy).
Equation 1 gives uy as a function of the distance between consecutive thermocouples (Ax) and the
time interval from the instance in which Tj reaches 500 °C until T, reaches the same temperature
(tj+1 — t;). The equivalence ratio @, given by Equation 2, provides a first indication of the TLUD

gasifier operation regime. Additionally, the measured syngas composition allows estimating energy

content, cold gas efficiency (CGE), and carbon conversion efficiency (CCE). Table 1 shows the



operating conditions for the 3?-factorial design of experiments. Analysis of the statistical significance

of us can be found in the Supplementary Material.

Ax Ea 1
U = ——— .
f L1 — ¢ q
dD—AF Eq. 2
_AF; q'

In Equation 2, AF and AF; represent the actual and the stoichiometric air-fuel ratio, respectively. The
calculation of AF requires the mass of converted fuel per unit time given by Equation 3, where Ay
represents the cross-sectional area and p; represents the bulk density of the bed. Note that AF;

depends on the elemental composition in Table 2 and the mass percentages of PKS and HVBC.

My = urArpp Eq.3

On the other hand, Equation 4 [44] gives the dry gas yield (Y) defined as the syngas production in
Nm? per kg of solid fuel, where Q, denotes the air volumetric flow, X, is the ash content of
feedstock in the proximate analysis, and yy, is the molar fraction of N> in the syngas. Mahapatro et
al. [44] indicated that a high ash content of the feedstock impacts the dry gas yield estimation.
Therefore, the high ash content of the coal used in our experiments requires estimating Y via Equation
4. Guangul et al. [45] and Gupta et al. [46] also used Equation 4 to estimate Y in the gasification of
oil palm fronds and high-ash coal, respectively. Equations 5 and 6 allow calculating CGE and CCE,
respectively. Note that LHV, and LHV in Equation 5 are the lower heating value of the syngas and
solid fuel in kJ Nm™ and kJ kg™, respectively. In Equation 6, C is the mass percentage of atomic
carbon in the feed, while yco, ycn,, and Y¢o, represent molar fractions in the syngas.

0.790,

g - (1 — Xasn) " Y,

Eq. 4



CGE=Y LHVg 100 Eq.5
" LHV 4

co + Yen, + Yco,)

CCE=Y = 24/12)

-100 Eq. 6

Equation 7 allows estimating the LHV, [47] for syngas on a dry basis, where Y¢o, YcH,> Yu,, and

Yco, represent molar fractions in syngas.

LHV; = (30.0y¢o + 25.7yy, + 85.4ycy,) X 0.0042 (MJ Nm?) Eq. 7

Table 1. Experimental conditions for the 3*-factorial design of experiments. Here, v represents air
superficial velocity and VP, coal volume percentage. Experiments named 1-1, 2-2, 3-3, and so on

represent the initial experimental conditions and their replicate.

Experiment v, ms’! VP, % viv
1-1 0.096 15
2-2 0.082 30
3-3 0.069 15
4-4 0.082 0
5-5 0.096 0
6-6 0.096 30
7-7 0.069 30
8-8 0.069 0
9-9 0.082 15

aAt normal conditions, 101.325 kPa and 15 °C

2.4. Gas Sampling

Syngas samples were collected every three minutes. First, the sample passed through a bubbling
bottle, a cotton filter, and a vacuum pump. Next, the vacuum pump connected to a second bubbling
bottle, in which the sample accumulated. Finally, from the second bubbling bottle, the sample entered

the chromatographer through a sampling valve.



2.4.1. Gas Chromatography analysis

A micro-GC (Model 490, Agilent Technologies, Inc) was used to assess the syngas composition. The
micro-GC has three channels, each one equipped with a thermal conductive detector (TCD). The first
channel uses a CP-Molsieve 5A (10 m % 0.32 mm) column to quantify H», O», N2, CHs, and CO. The
second channel includes a CP-PoraPLOT Q (10 m % 0.32 mm) column to quantify CO, and C;He.
Finally, the third channel uses a CP-Sil 5CB (8 m x 0.15 mm) column to quantify C;Hs. Helium and
Argon were the carrier gasses. Finally, well-defined mixtures (Linde S.A) were used for calibration.
Triplicate runs with different concentrations provided the data to construct a quadratic calibration
curve. Further details on the calibration mixtures and the Micro-GC setup can be found in the

Supplementary Material.

2.5. Setup operation

The mass of PKS and HVBC for each blend was measured with a graduated cylinder. The particulate
solids were blended for around two minutes before transferring them to the TLUD reactor.
Thermocouples were introduced sequentially as the bed level rose to avoid the formation of empty
pockets. After charging the reactor, v was increased gradually until reaching the prescribed value.

Finally, the top layer of particulate solids was soaked in mineral diesel and ignited with a torch.

2.6. Gas interchangeability analysis

In this study, we estimate the interchangeability of the syngas via Delbourg's approach, which is used
for the second family of gases (i.e., Natural Gas). Delbourg's approach assesses the possibility of
replacing a combustible gas with another without changing the operating conditions in industrial or
household burners. Moreover, Delbourg's method uses the Wobbe index and the combustion potential
as parameters to evaluate the scope of the interchangeability. The Wobbe index (/W) indicates the
gas energy content injected into a burner. Equation 7 gives IW, the ratio between the higher heating

value of the gas and the square root of its relative density. Delbourg's approach defines a corrected



Wobbe index (IW.), which corresponds to IW multiplied by the correction factors K; and K, in
Equation 8 [48]. Factor Kj; is a function of the sum of the heating value of hydrocarbons having higher
content than CHs4 [49]. Factor K, considers the Higher Heating Value of the syngas (HHV;) and the
CO, CO», and O; contents. Delbourg's approach also uses the combustion potential (Cy,;) defined in
Equation 9, which relates to the burning rate and combustion stability of the syngas produced. The
ISO standard 13686:2013 contains several interchangeability methods, including Delbourg's

approach [48].

HHY,

NEn

IW, = K, K,IW Eq. 8

W =

Y, +0.7yc0 + 0.3ycy, + vX aye,u,,
CpOt == Eq 9

Vdr
where d, represents relative density, a is a correction coefficient for individual hydrocarbons, while

U and v are correction factors considering the gas type [48]-[50]. Finally, y¢, y  represents the molar

fraction of hydrocarbons other than CHa.

3. Results and discussion

3.1. Feedstock composition

The elemental compositions of PKS and HVBC differ notably on a dry-ash-free (daf) basis, as shown
in Table 2. Compared with HVBC, PKS shows similar hydrogen (H) content, around 30% less carbon
(C), and over twice as much oxygen (O). Nitrogen (N) and sulfur (S) together represent less than two
percent of the daf mass of PKS and HVBC. Additionally, N content is higher in PKS, while S content
is higher in HVBC. PKS contains less fixed carbon (FC) and over twice as much volatile matter (VM)
as HVBC. A relatively high VM content indicates high reactivity in combustion applications, while

FC correlates with the amount of char that remains after VM release. In addition, the ash content of



HVBC is notably higher. Finally, the HHV of PKS is lower than that of HVBC due to its higher O

content.

Table 2 Elemental composition on a dry-ash-free basis (dafb), proximate analysis on a dry basis (db),

and higher heating value (HHV) of the feedstock. VM represents volatile matter and FC fixed carbon.

Analysis/parameter Palm kernel High volatile bituminous
shell, PKS [51] coal, HVBC [52]

C, % wt dafb 53.8 74.6

H, % wt dafb 6.13 6.07

N, % wt dafb 0.88 0.05
S, % wt dafb 0.11 1.91

0, % wt dafb 39.0 17.4
Molar H/C ratio 1.36 0.97
Molar O/C ratio 0.54 0.18

VM, % wt db 81.6 33.7

FC, % wt db 14.6 454

Ash, % wt db 3.78 20.9
HHYV, kJ/kg db 21073° 25781°

®Gaur and Reed correlation [53], “Mason and Ghandi correlation [54].
3.2. Temperature profiles

Figure 2 shows the temperature profiles for each experiment and the corresponding air superficial
velocity. Each temperature profile reflects a sudden and steep temperature increase caused by the
downward-moving ignition front. Each temperature profile exhibits a peak and then decreases as the

ignition front continues moving.
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Figure 2. Temperature profiles for the top-lit updraft co-gasification of PKS and HVBC. Each column
of figures corresponds to an air superficial velocity level: A, D, G 0.069 m s!, B, E, H 0.082 m s
and C, F,10.096 m s'. Each row of figures corresponds to the coal volume percentage indicated in

A, D, and G.

Figure 2 shows that increasing v, and decreasing VV P, lead to shorter batch times. The shorter reaction
times for pure PKS are consistent with its relatively high VM content. The temperature profiles for
the different experiments with pure PKS closely resemble each other, indicating a radially uniform
consumption of PKS as the ignition front moves downward. The presence of HVBC delays the

ignition front and causes significant variability in both temperature profiles and maximum



temperature. These results indicate that HVBC negatively affects the radial uniformity of the ignition
front, which could be associated with differences between PKS and HVBC bulk densities that shift

the positions of PKS and HVBC particles arbitrarily into the gasifier.

3.3. Ignition front propagation velocity

Figure 3 shows u; and the maximum temperature T, for each PKS-HVBC blend as a function of v;.
Each experimental run results in five us values, which were used together with the duplicate to
calculate the average uy value. T, corresponds to the average of two values for each experimental
condition. Pure PKS features significantly higher u; values when compared with the PKS-HVBC
blends. Increasing V P, negatively affects uy although the differences between 15% and 30% VP, are

less evident.
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Figure 3. Ignition front propagation velocity (uy) and maximum temperature (T, ) as a function of air

superficial velocity (vs) and coal volume percentage (VP.). Columns and symbols, and their

respective error bars, represent the mean and twice the standard deviation.



Results in Figure 3 are consistent with the lower bulk density and the higher reactivity of PKS. The
lower variability in us for pure PKS provides further support to the ignition front's superior radial and
axial uniformity compared with the blends. The differences in T, between experiments was relatively

low. Additionally, T, increased slightly with vy in all cases.

3.4. Equivalence ratio

Figure 4 shows the equivalence ratio (®) as a function of the vg and VP.. Results indicate that ©
remained in the range of 0.26 to 0.34 in all tests. A @ value between 0.2 to 0.4 improves syngas
production, while, @ values higher than 0.4 could result in excessive CO,, as pointed out in references

[36][55].

N

| | |
0.069 0.082 0.096

superficial velocity, m s

Figure 4. Equivalence ratio (®) as a function of the air superficial velocity (vg) and coal volume

percentage (V P,). Columns and error bars correspond to the mean and twice the standard deviation.

Figure 4 shows a successive increase in @ as v, rises from 0.069 to 0.096 ms™', consistent with a

higher amount of O, in the bed. The behavior of @ relates to the us trends shown in Figure 3.

Increasing uy results in higher mass fuel consumption and lower values of the actual air-fuel ratio



(AF). On the other hand, the stoichiometric air-fuel ratio (AF;) increases with VV P, because additional
oxygen is required for complete combustion. As shown in Figure 4, @ remained slightly constant at
the low level of vg, which indicates that the AF; values for 0 %, 15 %, and 30 % vol of coal
compensated the AF values. As v increased, @ also increased and showed higher differences. This
behavior could indicate that the differences between solid fuel bulk densities at higher vg are more
pronounced, which could shift the positions of PKS and HVBC particles in the gasifier, affecting the
bed's void fraction. On the other hand, the high error bars (standard deviation) for 15 and 30 vol % of
coal indicate a non-uniform ignition front, consistent with the difference in reactivity between HVBC

and PKS.

3.5. Syngas composition

Figure 5 shows that increasing v caused only minor changes in the volume percentages of H,, CO,
CHa, and CO,. Aside from N>, CO; had the highest share, followed by CO and H», while the CH4
content was lower than 4.0 % vol. The composition of syngas is relatively uniform within the studied
v; and VP, ranges. PKS can potentially act as a buffer again fluctuations in VP, to maintain syngas
quality. Only CO shows an average decrement of around 20% with increasing V P, from 15 to 30. The
scatter of the data does not allow to determine trends for the other syngas components, and this is not
surprising given the relatively narrow vg range. Likewise, the minor changes in the syngas
compositions are also a consequence of the relatively close @ values reached for the experimental
conditions tested, which remained in the range of 0.26 to 0.34. James et al. [38] reported tar
concentrations of about 2.76 g m™ for rice husk and 11.8 g m™ for wood chip gasification in a TLUD
gasifier operating with air. In our study, we did not measure tar concentration in syngas. Tar
concentration in syngas from biomass-coal mixtures in TLUD gasifiers, using air as a gasification
agent, remains unexplored. Hence, further researches in our TLUD gasifier will include the tar
measurement section, which could give insights into tar concentrations in syngas from biomass-coal

mixtures.



The H,/CO ratio indicates the syngas suitability for producing liquid fuel through, for example, the
Fischer-Tropsch process [56]. Results obtained here show that the H,/CO ratio remained in the range
of 0.42-046, 0.49-0.51, and 0.57-0.59 for experiments with 0 %, 15 %, and 30 % vol HVBC,
respectively. For chemical fuel derivation through the Fischer-Tropsch process, a stoichiometric
H»/CO ratio of 2 is required [56]. Using steam as the primary oxidizer increases the H, content in the
syngas. Suitable H, contents in the syngas could also lead to applications in other industries as an
alternative fuel reducing the greenhouse emissions from fossil fuels used in this industry. Note that
these applications would be possible with an efficient H, storage process. The liquid Organic
Hydrogen Carriers (LOHCs) method represents a promising route to hydrogen storage [57]. In our
study, the syngas obtained can be used for direct heating in thermal applications without additional
processing. As shown in Figure 5, the addition of coal results in higher H> and lower CO content,
which agrees with results reported by Jeong et al. [23] in a fluidized bed reactor operating with air
and at a bed temperature of 800°C. In their study [23], the H> content decreased by 47 % when the
gasifier used pure biomass. The CO showed opposite results, increasing by 12 vol % at the same

conditions. The above trends in H, and CO content resemble those obtained in this study.

On the other hand, Hernandez et al. [27] indicate that the H,/CO ratio increased as biomass in the
blend raised from 0 to 100%. Furthermore, that study reports the co-gasification of dealcoholized
grape marc and low-rank coal in an entrained flow gasifier with air. Moreover, the increase in the
H,/CO ratio was associated with biomass reactivity. In comparison, the H,/CO ratios reached here
are below those required in the Fischer-Tropsch process; nevertheless, future research in the co-
gasification of PKS and HVBC in a TLUD gasifier should explore the addition of steam to increase

the H,/CO ratio.

Syngas compositions reported by Mallick et al. [24] show that the CO and CH4 contents were higher
for tests with pure biomass, which agrees with results obtained in our work for CO but contrasts with

results for CHs. Their study [24] used a circulating fluidized bed with air and bed temperatures in the



range of 700-900 °C. Likewise, Patel et al. [25] report an increase in the H, and CO; contents with an
increase in the biomass share from 0 to 30% in a downdraft gasifier using air as the oxidizer. However,
the CO and CHg4 contents remained constant. Again, these results were associated with high biomass
reactivity, similar to that reported by Hernandez et al. [27]. High reactivity raises the temperature of
the oxidation zone and promotes the Boudouard and steam reforming reactions. These CO- results

agree with the results of our study, while the H» content presented an opposite trend.
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Figure 5. Syngas composition for the top-lit updraft co-gasification of PKS and HVBC. Volume
percentage of the main syngas components: A) H,, B) CO, C) CH4, and D) CO; as a function of air
superficial velocity (vg) and coal volume percentage (V P,). Columns and error bars correspond to the

mean and twice the standard deviation, respectively.

3.6. Lower heating value (LHVy) of the syngas.

In fixed bed reactors, typical LHV, values lie in the range 4.0-5.6 MJ Nm? for downdraft and 3.7-5.1

MJ Nm? for (bottom lit) updraft operation [58][36]. Figure 6 shows only minor variations in

LHV; within the assessed vg and VP, ranges. Overall LHV; is slightly higher for pure PKS, and the

differences in LHV,; between the blends are indistinguishable because of the scatter of the data.

NO

I I I
0.069 0.082 0.096
superficial velocity, m s™

Figure 6. Lower heating value (LHV,) as a function of air superficial velocity (vg) and coal volume

percentage (V P.). Columns and error bars correspond to the mean and twice the standard deviation,

respectively.

Tests with 100% PKS for v of 0.096 ms™ produced the higher LHV, with about 3.70 MJ Nm™. This

value is similar to the LHV, for 30 % vol HVBC and v; at the higher level. Similarly, LHV for 15 %



vol HVBC did not show significant changes with the increase of vg. Averaging, the LHV, for pure
PKS was 8% and 5% higher than 15 and 30 % vol HVBC. Similar results were observed in the
downdraft gasifier operating with air by Sharma et al. [19] for 100% biomass. Likewise, Thengane et
al. [59] reported that the LHVg was higher (3.05 MJ m™) for tests with 75 % vol biomass and 25 %
vol coal in a downdraft gasifier that used air. The above result was mainly associated with the higher
volatiles and the catalytic effect of ash on biomass [59]. Opposite results were observed by Mahapatro
et al. [44], who note that the LHV, was higher for tests with 100% coal compared with sawdust and

rice husk in a fluidized bed gasifier operating with air.
3.7. Cold gas and Carbon conversion efficiencies

Figure 7 illustrates how CGE and CCE vary with vg and VP,.. The gas yield ranged from 1.98 to 3.26
m?® kg'!. CGE represents the ratio of the chemical energy of the syngas and the energy content of the
solid fuel. In Figure 7, for 0% HVBC, CGE shows a linear increase from 34 to 46% with increasing
vs. For VP, of 15%, CGE also increased from 35% to 45% as v was higher. For 30% of HVBC, the
CGE remained almost constant (37%) for the low and intermediate levels of vg, then increased (44%)
for the high level of vg. A plausible explanation for the almost constant behavior of CGE for vy
between 0.069 to 0.082m s™! corresponds with a lower equivalence ratio reached for 30 % vol HVBC
with the intermediate level of v,. In addition, for 30% vol of coal, LHV of the PKS-HVBC blend is

higher, which also causes a decrease in the CGE due to similar LHV, values reached at this condition.



N

Figure 7. Cold gas efficiency (CGE) and Carbon conversion efficiency (CCE) as a function of the air

superficial velocity (vs) and coal volume percentage (V).

Averaging, CGE for 0% and 15 % vol HVBC was 1.7% higher than that for 30 % vol HVBC. These
results agree with those reported by Mallick et al. [24], who show a successive increase of CGE with
@, and observe that CGE increased as the biomass share was higher in the co-gasification of coal and

sawdust in a circulating fluidized bed.

With the increase of air superficial velocity, higher amounts of O, are available, thus enhancing CCE
[24]. This result agrees with the trend observed in Figure 7, in which CCE increased with vg. Tests
with 0 % vol HVBC featured a higher carbon conversion efficiency. The above behavior is consistent
with the observation of CO and CO, content shown in Figure 5, where pure PKS featured the higher
concentration of these gases. For 15 % vol HVBC, CCE increased from 66 % to 83 % as vs; was
higher, while 30 % vol HVBC produced the lowest CCE, reaching 59 % and 67 % for vg between
0.069 and 0.096 mm s!, respectively. The results in Figure 7 highlight how the high reactivity of
biomass enhances CCE. Moreover, blends with 15% of HVBC evidences how the high reactivity of

the PKS improves the thermal conversion of the coal for the same experimental conditions, which



agrees with Thengane et al. [59]. Jeong et al. [23] also observe an increase in CCE with the rise of the

biomass in the coal/biomass ratio for the co-gasification of coal and dried sewage sludge.

3.8. Gas interchangeability analysis

The corrected Wobbe Index and the combustion potential define the ordinate and the abscissa in the
Delbourg diagram shown in Figure 8. Figure 8A shows six Natural gas-syngas blends. The syngas
percentages lie in the range of 10-20 % vol. The reference natural gases used here, named NG, and
NG, have a CH4 content of 81.66 and 82.76 % vol, respectively. Those points within the boundary
region defined by the dotted red line indicate a safe operation in natural gas burners working to
atmospheric pressure. Figure 8 A shows three blends inside the boundary region. Results suggest that
amaximum of 15% and 10% vol of syngas blended with 85% vol NG; and 90% vol NG, respectively,

could operate without problems in the atmospheric burner.

On the other hand, those points outside the boundary region are not interchangeable without
modifications in the burner [50]. For example, if the blend points are to the left of the boundary
region, the flame will quench, while if they locate to the right, the flame tends to decrease and then
expire. Likewise, if the blend points are at the lower part of the boundary region, the blend combusts
with excess air, reducing the burner's thermal power. In contrast, if the points are at the upper part of

the boundary, the partial combustion of gas occurs [50].
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Figure 8. Delbourg diagram. A) Delbourg diagram for several blends of syngas and typical natural
gases reported by Pulido et al. [60]. B) Delbourg diagram for H, and Natural gas (NG:) blends. Each
point indicates the operating region of the mixtures of syngas and natural gas for industrial or

household burners. Diagrams were adapted from [50].

We carried out an additional interchangeability analysis by considering blends of Natural Gas and H»
for the same natural gases tested above. The above scenario, associated with government policies for
the energy transition towards an increase in the share of H» in the energy mix, in particular H> derived
from the integration of renewable energies. Thus, the syngas could be targeted to maximize H»
production, for example, via co-gasification using steam as the oxidizing agent. Figure 8B shows the
results of this analysis. The aim was to determine the maximum H» percentage in the blends without
causing operating problems in the burner. Increasing the use of the H, content in industrial
applications decreases CO, emission. In addition, green hydrogen production increases the
advantages of using H» as fuel in energetic systems. Likewise, the addition of H, derived from
renewable energies into the Natural gas network could represent a viable means of storing excess
wind and solar power [61]. However, further research is necessary to evaluate the performance of the

combustion devices to avoid operating problems and remain secure.



Figure 8B shows that three blends formed by 20, 15, and 10 % vol of H, fall inside the operating
region in the Delbourg diagram, indicating interchangeability without causing operational issues. The
natural gas used in figure 8B is NG,. The analysis for other natural gases by using identical H
percentages can be found in the Supplementary Material. The results indicate that 20% vol H» could
operate in the natural gas burner successfully. Note that 30% H, locates close to the right boundary
in Delbourg's diagram, which indicates that the combustion of the H>-NG: blend could present
inadequate functioning. Likewise, the supplementary material shows the same behavior for mixtures
with other natural gases. For 20 % H» results agree with those reported by Vries et al. [61], who
evaluate the interchangeability of the Natural gas and H, blends by considering the Wobbe index and
the calculated flashback values for the formed mixtures. Their results indicate that 11.2 and 19.7%
are H, contents that could operate without the risk of flashback. Further, the CH4 content of the natural

gases used by Vries et al. [61] ranged between 87 to 92.7 %.

4. Outlook

The abovementioned sections showed the operation of the TLUD gasifier for the co-gasification of
coal and biomass. So far, this technology uses air as the principal oxidizer, with cookstoves in remote
rural areas representing the main application. Further research in this technology could implement
steam together with air as the oxidizers in the process. Furthermore, improving the syngas
composition and continuous solids feeding could reveal additional advantages of this technology. In
our previous study [1], the TLUD fixed-bed gasifier shows potential for a stable operation within a
wide range of equivalence ratios with biomass-coal blends. In the gasification regimen, these results
are confirmed, showing great potential to explore options that enhance the syngas quality. Likewise,
different studies report the increase in syngas quality and the LHV via three main routes: air
preheating, air and steam blends, and oxygen-enriched air as gasification agents. Air preheating
combined with improved thermal insulation of the gasifier would enable the minimization of the

equivalence ratio. For example, Guangul et al. [45] reported an increase in LHV from 4.7 to 5.3 MJ



Nm™ when the air temperature changed from ambient conditions to 350 °C. Doherty et al. [62] and
Wu et al. [63] also observed similar trends via gasification models. On the other hand, air-steam
mixtures as gasification agents also improve syngas quality. Sharma et al. [64] reported an increase
of H, and CO contents when steam was added into the reduction zone. Similar results were reported
by Begum et al. [65] via simulation of the gasification process in Aspen Plus Software. On the
contrary, Ngamchompoo et al. [66] indicated that the CO content decreased for steam-to-biomass
ratios higher than 0.34. Using Oxygen-enriched air, Lenis et al. [67] reported an increase in uy and
the syngas LHV as the O, content was higher. These results were similar to those observed by Cao et
al. [68] and Zhao et al. [69]. Coal-biomass blends affect the co-gasification process. However, due to
the constant ash and char layer formed in this gasifier, further studies could explore the synergy
effects of the ashes. For example, calcium and potassium contents present in biomass ash, together
with the Iron, Nickel, and Zinc contents of coal ash, could act as catalysts in the co-gasification

process [27], enhancing, among other variables, the syngas quality.

Syngas originating from the co-gasification of coal and biomass can potentially form mixtures with
natural gas for co-processing in combustion processes. Gas interchangeability represents a suitable
route to tackle the variations in the chemical composition of natural gases. In addition, this method
serves as a bridge to explore gas mixtures from other sources such as plastic gasification or pyrolysis,
manufactured gases, biogas, among others. Burner manufacturers will need to design these devices
to tolerate a broad range of operating conditions, thus covering gases with variable chemical

compositions.

Increasing syngas production via the co-gasification process could alleviate natural gas depletion.
However, to reach a suitable gas production, it is urgent to increase the syngas energy content.
Further, such an improvement would allow rising the syngas percentage in blends with natural gas
for combustion applications. Therefore, syngas- and H, enriched-natural gas could be the drivers to

reach a reliable and affordable energy supply.



5. Conclusions

Biomass and coal co-gasification produce syngas with energetic properties suitable for co-firing with
natural gas in diverse applications. The co-gasification process takes advantage of the renewable
nature and high reactivity of biomass, and the availability of coal, together with its high energy
content. This study presents an experimental study of this process in a TLUD fixed bed gasifier, a
reactor where the ignition front begins on the top and then shift to the bottom while the gas product
flows upwards. We developed A 3? factorial design to evaluate the effect of the air superficial velocity
and the PKS-HVBC blends on the u; and syngas quality in the biomass and coal co-gasification. The

uy and syngas quality allowed characterizing the behavior of parameters such as LHV,, CGE, and

CCE in the co-gasification process. The experimental tests were restricted to the gasification regimen
in the TLUD gasifier, evidencing the great potential of this reactor for the co-gasification of PKS and
HVBC. The study finalizes exploring an interchangeability analysis between syngas, H», and several
natural gases. Results derived from the above analysis showed that the syngas could combust in

atmospheric natural gas burners without modifications.

The results indicate slight differences in the syngas compositions with PKS-HVBC blends and the
successive increase of vg. This behavior agrees with the relatively short range of variation in the
equivalence ratio (0.26 to 0.34) for the gasification regimen of the TLUD gasifier. H, and CH4
increased as the coal percentage was higher, while CO and CO; raised with the increase of the PKS.

VP, of 0% produced the higher LHVy, this trend is associated with the high CO content obtained for
100% PKS, which presented a 20 % higher CO than tests with 15 and 30% of VP.. CGE and CCE
followed the same trend, i.e., they are higher for VP, of 0%, which agrees with the high LHV,, and
CO and CO; values obtained in this study. The higher LHV, of the syngas was used in the gas

interchangeability analysis. The results indicate that 10 and 15% vol of the syngas obtained by co-
gasification of PKS and HVBC could use with some reference natural gasses in industrial or

household burner applications based on Delbourg's approach. Moreover, the trend indicates that if



the syngas energy content was higher, more syngas could be blended with natural gas. This analysis

shows the feasibility of syngas integration obtained by co-gasification of PKS and HVBC in industrial

applications.
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