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ARTICLE INFO ABSTRACT

Handling Editor: Krzysztof (K.J.) Ptasinski Syngas from biomass-coal co-gasification represents a viable energy vector to incorporate alternative energy
sources into electricity production and industrial heating. Although the low energy content of syngas hinders its

Keywords: use, syngas-natural gas blends could overcome this challenge. This study assesses syngas-natural gas inter-

Gas industry changeability in atmospheric burners via the combustion potential and the corrected Wobbe index according to

Gas quality

R Delbourg’s approach. Likewise, this research evaluates methane number as an interchangeability indicator for
Combustion performance

Flame stability high-pressure combustion. The syngas originated from a Top-Lit UpDraft gasifier, using coal-biomass blends of

Methane number 0-100, 25-75, and 45-55 wt %, with air as the gasifying agent. The syngas featured a Lower Heating Value

Wobbe index ranging from 3.0 to 3.8 MJ Nm-3. Results based on Delbourg’s approach indicated that syngas-natural gas blends
of up to 15 vol % syngas could operate in atmospheric natural gas burners without modifications. Furthermore,
the methane number for syngas-natural gas blends of 15 vol % syngas was 5.8% higher than that of natural gas.
The results show slight variations in flue gas composition, adiabatic flame temperature, and laminar flame ve-
locity between natural gas and syngas-natural gas blends. The study showcases the potential of using syngas-
natural gas blends in thermal applications and identifies key areas for further research.

The co-gasification of biomass and coal produces syngas while taking
advantage of the high reactivity of biomass and the high energy content
and availability of coal. Syngas mainly contains CO, Hp, CH4, and COs,
but also includes N3 when air is used as the gasification agent. Fixed and
fluidized bed gasifiers are used to co-gasify coal and biomass [7]. This
study uses a TLUD fixed bed gasifier, an inverted or reversed downdraft
[8,9]. The Low Heating Value (LHV) of syngas from TLUD gasifiers
operating with air could range from 3.7 to 5.6 MJ Nm >, similar to the
LHV of syngas from downdraft and updraft fixed bed gasifiers [10,11].
However, compared with natural gas, the syngas from the TLUD gasifier
has a relatively low energy content, making it unsuitable for direct use in
large thermal applications for direct heating or electricity generation.
Replacing NG with low-LHV syngas is, therefore, challenging. However,
co-firing NG and syngas without modifying the combustor is a promising
option [12]. Thus, it is crucial to determine the share of syngas that can
be co-fired with NG while avoiding or minimizing modifications to in-
dustrial processes that primarily use natural gas as a fuel.

1. Introduction

Globally, the combustion of natural gas (NG) generates a vast
amount of thermal energy, which is utilized in industrial processes such
as ceramic, cement, paper, and electricity production [1-4]. Partially
replacing NG with syngas from the gasification of carbon-based feed-
stock, including biomass, is a plausible alternative [5]. This study
evaluates the partial substitution of NG with syngas obtained from the
co-gasification of coal and biomass in a Top-Lit Updraft (TLUD) gasifier.
An interchangeability analysis based on Delbourg’s approach was con-
ducted to determine the maximum share of syngas that could be used in
existing atmospheric burners [6]. We also estimated flue gas composi-
tion, adiabatic flame temperature (T,4), and laminar flame velocity
(Sp). Finally, the study was extended to high-pressure combustion ap-
plications through the determination of the methane number (MN), to
evaluate the autoignition propensity of syngas-NG blends.
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Nomenclature

a Correction coefficient for individual hydrocarbons

as Semi-range (or half-width) between the upper and lower
limits

AGA American Gas Association

Cc Mass percentage of atomic carbon in the feed, wt %

CCE Carbon conversion efficiency

CFD Computational Fluid Dynamic

Cpot Combustion potential

dafb Dry-ash-free basis

db Dry basis

d, Relative density

FC Fixed carbon, wt %

GT Gas turbine

HVBC  High-volatile bituminous coal

HHVg Higher heating value of feedstock, kJ kg™!

HHV, Higher heating value of gas, MJ Nm 3

ICE Internal combustion engine

w Wobbe index, MJ Nm ™3

w, Corrected Wobbe index, MJ Nm >

K Corrected factor 1

K> Corrected factor 2

LHV, Lower Heating Value of gas, MJ Nm >
MN Methane number

n The number of measurements in the experimental set
NG Natural Gas

PKS Palm Kernel Shell

S Standard deviation

St Laminar flame velocity, m s

T Temperature, K

Todp Adiabatic flame temperature, K

TLUD Top-lit updraft

U Gas factor 1

ua Estimated uncertainty type A

Ua Estimated uncertainty type B

us Ignition front propagation velocity, mm s~
v Gas factor 2

Vs Superficial air velocity, cm st

VM Volatile matter, wt %

p Regression coefficient

Yi Molar fraction of compound i

(0] Equivalence ratio

There are graphical and analytical methods to evaluate the inter-
changeability of gaseous fuels [6]. Some authors have used these
methods; for example, Honus et al. [13] used analytical multi-index
interchangeability methods to show that fuel gases from polyvinyl
chloride pyrolysis at 973 K are suitable for NG burners, reaching Wobbe
indexes (IW) between 50 and 54 MJ Nm°. The multi-index inter-
changeability methods represent indexes developed by various organi-
zations to evaluate gas interchangeability at different conditions,
including the Knoy index, Dutton factors, AGA indexes, and Weaver
indexes. The AGA indexes evaluate the degree of fuel substitution by
considering phenomena such as lifting, flashback, and yellow-tip flames
of the original gas and its substitute [14]. The Weaver indexes include
variables to evaluate changes in primary aeration, flashback flame, heat
rate generation, lifting flame, yellow tip formation, and incomplete
combustion [6,14-16].

In this study, we employ Delbourg’s graphical approach to assess the
interchangeability of NG in atmospheric burners. This method utilizes
two variables, the corrected Wobbe index (IW.) and the combustion
potential (Cpo;). The corrected Wobbe index is obtained by multiplying
IW by two correction factors defined in Ref. [6], while the combustion
potential relates to the fuel’s combustion velocity and stability (flame
lifting and flame flashback) [13]. Delbourg’s approach only evaluates
the interchangeability of gases in atmospheric burners, which typically
operate at gauge pressures in the range of 0.5-3 kPa and are commonly
used in domestic and small-scale industrial processes [17]. To comple-
ment the results obtained through Delbourg’s approach, we also esti-
mated the flue gas composition, Tog, and S;, at different equivalence
ratios.

Accurate estimation of Sy is essential for integrating low calorific
gaseous fuels into combustion processes as their chemical composition
differs from that of natural gas. S; provides information on flame sta-
bility and propagation in a combustion device, indicating turbulent
flames [18]. It is also used in gas engine design, turbulent premixed
flames modeling, and chemical reaction mechanisms validation [19].
Some studies have evaluated the behavior of the S; of gaseous fuels
under different conditions. Richter et al. [20] measured S; values of
different CH4-H2-N2 and Hy-Nj blends using the cone angle method
with air as the oxidizer. Their results reveal a notable increase in S; as
the Hy content increased. Papafilippou et al. [21] found via simulation
that syngas combustion reduced the swirl intensity of a TECFLAM

burner designed for NG. Vieira et al. [22] reported S; values of
0.23-0.33 m s~ ! for a syngas with a chemical composition (vol %) of
20% CO, 16% Hj, and 1.8% CHy; the remainder being CO2 and Nj.
Munajat et al. [19] observed that Sy, is affected by adding H,O and CoHg
to the simulated syngas (CO, Hp, CHy4, CO5, and Ny), highlighting the
need for further investigation into the impact of tar on S;.

Calculating MN, in addition to S;, is necessary to determine the
interchangeability conditions of gaseous fuels in high-pressure com-
bustion devices such as gas turbines and reciprocating engines. Thus, we
evaluated MN of syngas, NG, and its blends as an interchangeability
indicator for high-pressure combustion applications.

The methane number is a key parameter in determining the knock
resistance of fuel gases in internal combustion engines [23], which can
prevent structural damage [24]. Malenshek et al. [25] experimentally
determined methane numbers for simulated fuel gases. Their study
showed that syngas from coal, with an average chemical composition
(vol %) of 16.3% N5, 1% CO, 24.8% H,, and 58% CO, here named coal
gas 1, and coal gas 2 with 7% CH,4, 6% CO3, 44% H,, and 43% CO,
feature MNs of 30 and 23.9, respectively; while syngas from wood
gasification, with 10% CHa, 3% N3, 23% CO9, 40% H», and 24% CO,
here named wood gas 1, and wood gas 2 with 1% CHy4, 35% N3, 15%
CO9, 31% Hpy, and 15% CO, presented methane numbers of 61.5 and
70.2, each. Wise et al. [26] observed that MN increased as the Hy and CO
contents were higher. The authors observed that producer gases with a
shorter flame initiation period tend to knock faster, indicating that S,
correlates with MN and early flame development. Some studies report
that most engines present the best fuel efficiency for MNs higher than 80.
Nevertheless, these engines also can work at lower MNs values, but at
reduced efficiency [27]. In addition, internal combustion engines
require modifications in the compression ratio and ignition timings for
MN between 35 and 60 to operate without knocking [28].

The interchangeability of syngas-NG blends using Delbourg’s
approach remains understudied. Studies have explored the substitution
of NG with other gaseous fuels in various industrial processes, including
burners in industrial furnaces, household applications, and high-
pressure combustion devices (mainly internal combustion engines).
For instance, Kiedrzynska et al. [12] found that a 10% share of syngas
with an energy content of 4.1-4.8 MJ m~3 (21% CO, 14% H,, 12% CO»,
3% CHjy, 1% O3, and 49% Ny, vol %) could operate in a burner without
modifications. However, higher shares of syngas resulted in failed
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combustion. Similarly, Gémez et al. [1] performed CFD simulations
comparing the co-firing of NG and syngas from three biomasses and
three off-process gases in a burner used in the ceramic industry. They
found that changes to the burner geometry may be necessary, which
poses an additional obstacle to implementing syngas-NG co-firing [1,
12].

On the other hand, Caligiuri et al. [29] experimentally evaluated the
addition of syngas at different percentages in an NG internal combustion
engine by considering four spark ignition timings (10°, 25°, 35° and 45°
before the top dead center). The results showed that this mixture
reduced power output by about 6% and the amount of NOy produced in
the combustion process. As reported in other studies, the NOy reduction
was linked to the presence of CO, and N in the syngas [30]. Kohn et al.
[31] noted that adding 5% of syngas (Hy/CO) to a simulated landfill gas
(50% CHy4, 50% COs, vol%) reduced the CO emission in a four-stroke
Honda GC160E, which was associated with the enhancement of reac-
tive in the mixture due to Hy content in the syngas. Changwei et al. [32]
indicated that the syngas addition enhanced the gasoline burn, which
was associated with high S; values and wide flammability ranges of
syngas because of Hy and CO contents.

Zarenezhad [33] conducted CFD simulations to study the impact of
changing the compression ratio (10.50, 11.05, 11.80) on gasoline and
NG enriched with 10% Hj as fuels in an engine. The results showed that
output power increased when the compression ratio was 11.80, without
significant changes in NOy emissions for NG enriched with Hy as fuel
compared with gasoline. Nadaleti et al. [34] observed reductions in NOy
emissions in a spark ignition engine fueled with syngas, compared to
natural gas and biogas (65 vol % CHy4) operation at lean combustion
conditions, a trend also observed by Changwei et al. [32] in a hybrid
syngas-gasoline engine. In addition, the study [34] showed an increase
in the heat release rate in the engine because of the high S; associated
with the Hj content of syngas.

The addition of syngas in compression ignition engines has been
studied through diverse strategies. Olanrewaju et al. [35] used a Heat
Release Rate model to study the substitution of diesel with syngas in a
dual-fuel engine. They found that as the share of syngas increased,
ignition delay increased, delaying the start of combustion and
decreasing peak pressure and peak heat release rate compared to pure
diesel operation. Krishnamoorthi et al. [36] examined the combination
of syngas and biodiesel in a conventional single-cylinder direct-injection
diesel engine using experiments and CFD simulations. A 25% energy
share of syngas resulted in lower emissions than diesel operation,
reducing hydrocarbon, particle matter, and NOx emissions by 29%, 77%,
and 22%, respectively. The study concluded that syngas is a promising
fuel for use in stationary compression ignition engines.

As aforementioned, diverse studies have explored the syngas use
along with other fuels, such as NG, gasoline, and diesel, following
different strategies to integrate the syngas for various purposes, board-
ing combustion devices working at diverse operating conditions. How-
ever, to the best of the authors’ knowledge, the interchangeability of
natural gas with syngas derived from the co-gasification of coal and
biomass has been under-explored. In addition, the purpose of using MN,
Cpot, and the IW. on the Delbourg diagram to evaluate the inter-
changeability of syngas-natural gas mixtures in high-pressure combus-
tion applications remains unexplored. Hence, the results of this study
could provide insights into the potential of syngas-natural blends to
operate in atmospheric natural gas burners and high-pressure combus-
tion devices.

2. Materials and methods

This section describes the TLUD setup and the coal and biomass used
for co-gasification experiments. Then, we present Delbourg’s approach
for evaluating syngas-natural gas interchangeability in atmospheric
burners. The section also describes MN calculations and the correlation
model for estimating the syngas methane number. The section finalizes
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with a description of the uncertainty analysis.

2.1. Syngas from coal-biomass Co-gasification process

Fig. 1 shows a schematic representation of the TLUD gasifier, which
is comprised of a cylinder with an inner diameter of 152.4 mm and a
height of 900 mm. The gasifier has a 25 mm thick insulation layer with a
thermal conductivity of 0.044Wm 'K~'. Air enters from the bottom of
the gasifier through a 63.5 mm line connected to a 600 W blower (model
STPT600-B3, Stanley) that regulates the air mass flow rate. A flow sensor
model 8455-TSI measures air velocity. At the same time, six K-type
thermocouples, with a sensitivity of 41 pV/°C spaced every 100 mm on
the axial axis of the gasifier, provide the temperature profile, which
enables the estimation of the ignition front propagation velocity (us). Air
velocity and temperature are recorded and displayed using a customized
LabView interface. Figure S2.1 in the supplementary material shows a
picture of the gasification setup.

The feedstock consists of Palm Kernel Shell (PKS), a byproduct of the
palm oil process, and High Volatile Bituminous Coal (HVBC). The
experimental stage involved a 32-factorial design, evaluating the influ-
ence of air-superficial velocity (vs), with values of 6.90 (+0.22), 8.20
(£0.26), and 9.60 (£0.25) cm s‘l, with the parenthesis terms repre-
senting the estimated uncertainty (section 2.4), and coal mass percent-
age (MP.), with shares of 0%, 25%, and 45% on the ignition front
propagation velocity estimated from Equation (1). The 32factorial
design results in nine runs. Adding one replicate gives a total of 18 runs
for evaluating variables.

The ignition front propagation velocity measures the stability and
uniformity of the TLUD operation. This parameter represents the ve-
locity at which drying, pyrolysis, oxidation, and reduction fronts occur
[37]. In Equation (1), u is a function of the AX, which represents the
distance between two thermocouples, and the time interval (1 — t))
corresponding to temperatures T; and Tj,; when thermocouples reach
723 K. On the other hand, in the experiments, the particle size of PKS
had a mean value of 4.9 mm, with a standard deviation of +2.3 mm,
while HVBC had a sieve fraction between 4.7 and 9.5 mm. Likewise, the
moisture fraction for these feedstocks was 6.0 and 2.0 % wt for PKS and
HVBC, respectively.

y AX ®

it — 1

A typical experiment in the TLUD gasifier initiates with introducing
the PKS, HVBC, or their blends at defined experimental conditions in the
gasifier chamber until reaching about 700 mm of height. For blends of
PKS and HVBC, graduated cylindrical tubes enable measuring the
amount required to later pass to a container, mixed by 2 min, and then
transferred manually to the reactor. As the feedstock enters the gasifier,
the corresponding thermocouple is introduced, which avoids the for-
mation of empty pockets or channeling into the reactor. Then, the v; is
adjusted, reaching the set point, and a part of the feedstock in the upper
part of the gasifier is soaked with mineral diesel and ignited with a torch.
Thus, the gasifier works in batch mode until it consumes all feedstock.

In the experiment, when the first thermocouple reaches the peak
temperature, the gas measurement begins using the micro-GC (Model
490, Agilent Technologies, Inc), equipped with three channels that
incorporate thermal conductive detectors, measuring CH4, CoHg, C3Hsg,
Nj, CO, COy, and Hy. Figure S2.2 in the supplementary material shows a
typical temperature profile obtained in the TLUD gasifier. The chro-
matograph registers measurements every 3 min. The sampling gas
passes by a bubbling bottle, a cotton filter, and a vacuum pump, which
releases the gas sample in a second bubbling bottle connected to the
chromatograph. Experiments do not include tar measurements, repre-
senting a future research topic in the TLUD gasifier. The syngas obtained
in TLUD gasifiers passes through a bed of char and ashes at high tem-
peratures, which could help to reduce the tar content. This reduction
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Fig. 1. Schematics of the TLUD fixed bed gasifier for the co-gasification of coal and biomass. Modified from Ref. [38].

only is possible as the char and ash are formed in the gasification
process.

The co-gasification of coal and biomass using air yields significant
concentrations of Hy, CO, CO,, HyO, and N,, the latter with values
higher than 50 vol %, because of the high N> content in the air. Equa-
tions (2) and (3) determine the Lower Heating Value (LHV;) and the
Higher Heating Value (HHV,) of the syngas.

LHV, = (12.63y¢o + 10.78yy, +35.88ycy,) (MJ Nm™?) @)
HHV, = (12.63yco + 12.74yy, +39.81ycp,) (MINm ) 3)

where yco, Ycu,, Yu, are the molar fractions of the syngas. The constant
values represent the LHV and the HHV at standard conditions (273.15 K
and 101.325 kPa) for CO, CHy4, and Hy, respectively [39].

2.2. Gas interchangeability for atmospheric burners

ISO standard 13,686 [6] describes different methods to evaluate gas
interchangeability. This study uses Delbourg’s approach [6], a
graphics-based technique, to measure the degree of fuel gas substitution
in industrial or household burners, estimating the maximum share of
substitute gas that does not affect the operating conditions of the burner.

The Wobbe index, the ratio between the HHV of the fuel and the
square root of its relative density (d,) regarding air at the same reference
conditions, measures the heat input of a burner. Hence, two fuel gases
with the same Wobbe index value provide the same thermal energy
input [6]. Delbourg’s approach uses IW,, consisting of IW, multiplied by
two correction factors, K; and K». The factor K; is a function of the sum
of the heating value of hydrocarbons presents at concentrations higher
than CH4 [13], while K, considers the HHV of the substitute gas and the
concentrations of CO, CO,, and O,. Delbourg’s approach uses Cpo,
related to the burning rate and combustion stability of the substitute gas.
Equations (4)-(6) define IW, IW,, and Cp, respectively [6].

HHV,
vd,

IW, =K, K,IW %)

W = (C))

(6)

co— U(sz +0.7yco +0.3ycu, + v ayc,u, )
pot —
vdr

where yco, and yc,u, are the molar fractions of CO, and hydrocarbons
different from CHy, respectively. The U and v parameters are correction
factors that depend on the gas type [6,13]. In Equation (6), ¥co,, Yc,H,»
YH,, and yco should be multiplied by 100, or expressed in % vol.

2.3. Interchangeability for high-pressure combustion applications

In addition to ensuring the interchangeability of gaseous fuels, it is
essential to guarantee that the substitute fuel will not auto-ignite in
devices such as gas turbines (GTs) and internal combustion engines
(ICEs). In particular, the stringent and varied operating conditions in
ICEs require complementary analyses to evaluate fuel substitution in
these devices because any change in fuel composition alters engine
performance [40]. This work used MN as a complementary metric to IW,
and Gy This metric is analogous to the octane number widely used to
characterize the knock propensity of liquid fuels. The methodology es-
timates the knock resistance of a test fuel by comparing it with the knock
resistance of a mixture of Hy and CH4, which work as reference fuels
[41]. Even though the estimation of methane number for natural gas can
use MN calculators [42], estimating this metric for other gases is not
straightforward. A common approach consists of experiments and
empirical correlations. This paper computed MN for NG and Syngas-NG
blends, using the online calculator developed by Cummins [42], and the
MN of syngas, using Equation (7). This equation was derived using
experimental data reported in the literature with gas compositions
similar to those employed in this work [25,26,43]

MN = p,yn, + Pryco, + P3yw,yco,
+ BaynaYco+Bsyn, i +Beyn,Yer, +Brycoyer, sy You, HBoycoyi, oy,
@)

The regression coefficients § in Equation (7) are §; = — 21214, 5, =
349, p; =21560, g, =21410, f; = 21070, f; = 21668, f, =264, fg
252, fy = — 454, and p,, = 21377.
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2.4. Uncertainty analysis

In this study, we report on measured and calculated variables that
are subject to various sources of uncertainty. We employed both Type A
and Type B evaluations to estimate the uncertainty for the principal
variables associated with the experimental setup. Type A evaluation
calculates uncertainties for experimental values measurements of a
required variable, while Type B evaluation considers all other forms of
uncertainty. For Type B evaluation, we assessed uncertainty from the air
velocity sensor, thermocouples, and the chromatograph device.
Table S3.1 summarizes the technical specifications for these devices.

Equation (8) outlines the variables required for Type A uncertainty
evaluation. In this equation, S is the standard deviation, n represents the
number of measurements for a defined condition, and uy4 is the estimated
standard uncertainty of the mean value. Equation (9) details the vari-
ables used to calculate the uncertainty associated with Type B uncer-
tainty evaluation (ug). In this study, we assumed that values follow a
rectangular distribution. Hence, a; is the semi-range (or half-width)
between the upper and lower limits [44]. Section S3 of the supple-
mentary material provides two additional equations for estimating the
combined uncertainty for measured or calculated terms with multiple
uncertainty sources. The reported uncertainty reflects a confidence level
of 95% with a coverage factor of 1.96.

” :\/iﬁ (8)
= jg ©)

3. Results and discussion

This section starts with a description of the properties of the feed-
stock, followed by syngas compositions. Next, we describe the gas
interchangeability results and relevant parameters for syngas and NG
combustion in atmospheric burners. Then, the outcomes associated with
the MN estimation for syngas and NG, and their behavior regarding IW,
and Gy, are discussed.

3.1. Feedstock composition

Table 1 shows the proximate and ultimate analyses of PKS and
HVBC, the feedstock used in the co-gasification process. The elemental
composition is on a dry-ash-free basis (dafb), while the proximate
analysis is on a dry basis (db). The coal used has higher carbon (C)
content on a daf basis than PKS, while the opposite is true for the
hydrogen (H) content. Similarly, PKS has 55% more oxygen (O) than
HVBC. In addition, nitrogen (N) and sulfur (S), together, represent about

Table 1

Elemental composition on a dry-ash-free basis (dafb), proximate analysis on a
dry basis (db), and higher heating value (HHV) of palm kernel shell (PKS) and
high-volatile bituminous coal (HVBC).

Analysis/ Palm kernel shell, PKS High volatile bituminous coal,
parameter [45] HVBC [46]
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 45.4

Ash, % wt db 3.78 20.9
HHVF, kJ/kg db 21,073° 25,781"

@ Gaur and Reed correlation [47].
b Mason and Ghandi correlation [48].
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two percent on a daf basis for both feedstocks. Proximate analysis in-
dicates that HVBC has more Fixed Carbon (FC) and ash content than
PKS, but lower Volatile Matter (VM). The volatile matter content in PKS
exhibits a relatively high reactivity. Thus, biomass could enhance coal
devolatilization in the co-gasification process while producing syngas
with combined energy properties.

3.2. Syngas composition

Table 2 shows the syngas composition derived from experimental
tests in the TLUD gasifier [38]. The results indicate that 100% PKS yields
syngas of higher LHV compared with tests using 25 and 45 wt % HVBC.
Thiagarajan et al. [49] also observed similar trends in the co-gasification
of PKS and bituminous coal in a downdraft gasifier with air as a gasifi-
cation agent. Their results indicated that the energy content of the
syngas varied between 1.5 and 2.3 MJ Nm >, with pure PKS gasification
showing the best energy content, followed by tests with 50 wt % coal
and 50 wt% PKS that reached an energy content of 2.2 MJ Nm 3.
Similarly, Thengane et al. [S0] observed that co-gasification of high ash
biomass and high ash coal produced LHV of about 3.05 MJ Nm 2 for air
as a gasification agent in a downdraft gasifier. The syngas energy con-
tent from the studies [49,50] is lower than those reached in this work.
Nevertheless, the LHV was poor when compared with other reports
indicating values between 4.0 and 5.6 MJ Nm > for downdraft gasifiers
and 3.7-5.1 MJ Nm 2 for (bottom lit) updraft operation [10,11]. Hence,
strategies such as improving the insulation layer, implementing
continuous feeding, and adding other gasification agents in the TLUD
gasifier could enhance the LHV of the syngas.

In this study, the average equivalence ratio (&) varied from 0.30 (+
7.6%) to 0.34 (£ 3.2%) due to diverse experimental conditions tested
[38]. Here, the parenthesis terms represent the estimated relative un-
certainty. This variation on @ is the consequence of changes in the v;
values used in the experiments, the chemical composition of feedstocks,
the natural variability of experiments, the nonuniformity distribution of
the PKS-HVBC blends into the TLUD gasifier, and the wall heat transfer
into the reactor. Thus, changes in v; and in chemical composition affect
the actual and stoichiometric air-fuel ratios, modifying the & values.
Likewise, nonuniformity distributions into the bed produce variations
on uy, which enables estimating the actual air-fuel ratio, a variable
necessary to calculate @. Nonuniform distributions occur due to the
positions of PKS and HVBC particles in the bed, which have different
bulk densities and randomly enter the gasifier, causing nonuniform
feedstock consumption and probably producing channeling in the TLUD.
On the other hand, the rise in the wall temperature in the gasifier alters
the us behavior, increasing the feedstock consumption as a consequence
of the enhancement o the heat transfer into the bed.

The slight difference in ® obtained in the experiments did not cause
high variations in the syngas composition; however, some trends are
evident. Tests with 45 % wt of coal produced a high H, content, which
was only about 0.7% higher than that one for tests with pure PKS and 9%
higher than that obtained for 25% wt coal, which could indicate that at

Table 2

Average gas composition, higher (HHV,) and lower (LHV,) heating values of
syngas derived from the co-gasification tests. The corresponding estimated un-
certainty appears in parentheses.

Gas/parameter Blend (Coal-Biomass, wt %-wt %)

45-55 25-75 0-100
H,, vol % 6.77 (£0.070) 6.14 (+0.183) 6.72 (+0.048)
Ny, vol % 64.96 (+0.003) 64.07 (+0.620) 60.63 (+0.096)
CHy, vol % 4.13 (+0.242) 3.52 (+0.095) 3.29 (£0.122)
CO, vol % 11.49 (+0.030) 12.02 (+0.239) 14.65 (+0.070)

CO,, vol %
Equivalence ratio, @
LHV,, MJ Nm®
HHV,, MJ Nm >

12.66 (+£0.133)
0.30 (£7.6%)
3.66 (£0.003)
3.97 (+£0.003)

14.26 (+£0.292)
0.31 (£3.3%)
3.44 (£0.003)
3.71 (£0.003)

14.71 (£0.152)
0.34 (£3.2%)
3.76 (£0.001)
4.02 (£0.001)
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specific coal percentage, the Hy production would reach a maximum
value. This trend in the Hy content was similar to that observed by Jeong
et al. [51], who reported a reduction of this gas for tests with pure
biomass compared to pure coal gasification. Therefore, future works in
our TLUD gasifier could explore a higher coal percentage to observe its
influence on the Hy content.

On the other hand, the CO content was lower for tests with higher
percentages of coal, a trend also observed by Mallick et al. [52] and
Jeong et al. [51], who co-gasified coal and biomass in a fluidized bed
using air as the gasification agent. Likewise, the CO, increased as the
biomass percentage increased, reaching a maximum of 14.71% vol, with
tests for pure biomass. Patel et al. [53] also observed an increase in the
CO4 content as the biomass share increased in the co-gasification of
lignite and waste wood in a downdraft gasifier using air as the gasifi-
cation agent. Regarding the CH4 content, this gas was higher for tests
with high coal percentages, being 4.13, 3.52, and 3.29% vol, for MP,
values of 45%, 25%, and 0% wt, respectively. However, these findings
do not support the trend reported by Mallick et al. [52], who observed
higher CH4 contents for pure biomass tests. On the contrary, Patel et al.
[53] did not observe significant changes in the CH4 production during
their tests with biomass and coal, resulting in a consistent level of this
gas throughout their study.

Finally, the carbon conversion efficiency (CCE), defined as the per-
centage volume ratio of the carbonaceous gas compounds in the syngas
regarding the solid carbon contained in feedstock [54], measures the
conversion of carbon of biomass and coal in products such as CO, COs,
and CH4. Syngas from pure biomass featured a higher CCE increase,
ranging from 64, 82, and 84%, for the low, medium, and high v, values,
respectively, representing an increase of 22% for this variable when v
changes from minimum to maximum. Similarly, tests with 25% and 45%
wt coal showed an augment in CCE of 20% and 12%, respectively. These
results are consistent with the syngas composition depicted in Table 2.

3.3. Natural gas-syngas interchangeability through Delbourg’s method

Table 3 shows the reference natural gases used in this study. These
gases present diverse chemical compositions and different energy con-
tent. For example, NG has a lower CH4 value than NG, and NGg, but it
has a high CoHg value for these gases, reaching 98% and 13% higher
than NGy and NGgs, respectively. Likewise, NG2 has more CH4 content
than NG; and NGy, but it contains a lower LHV when compared with
NG; and NGgs, which have a similar LHV. On the other hand, according
to the online calculator developed by Cummins [42], the methane
number for these gases was higher for NG, followed by NG; and NGs,
respectively.

Fig. 2 shows the Delbourg diagram for syngas obtained from 25 to 45
wt % of coal blended with NGs evaluated in this study. To evaluate their
interchangeability, the syngas share in the blends changed in the range
of 10-20 vol %. The Delbourg’s approach defines a boundary, which

Table 3

Chemical composition, lower heating value (LHV), and methane number (MN)
of natural gas types evaluated in this study. Chemical composition adapted from
Ref. [55].

Gas/parameter Natural gas type

NG, NG, NG5
H,, vol % 0.00 0.00 0.00
Na, vol % 0.9 1.44 0.54
CHy, vol % 81.93 98.14 83.78
CO, vol % 0.00 0.00 0.00
CO,, vol % 3.18 0.11 1.94
C3Hg vol % 11.62 0.25 10.11
C3Hg vol % 1.92 0.06 3.63
C4H;0 vol % 0.45 0.01 0.00
LHV, MJ Nm > 39.3 35.5 40.0

MN 73.7 98.6 72.6
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Fig. 2. Interchangeability analysis of syngas-NG blends for different coal per-
centages. The numerical value accompanying NG represents the volumetric
percentage of this gas in the syngas-NG blends. Thus, 80NG is a blend with 80
vol % of NG and 20 vol % of syngas (20-80NG).

determines a desirable operating zone, using IW, and Cp,; as the ordinate
and the abscissa, respectively. In the Delbourg diagram, the boundary
region defined by the black dashed line indicates a proper operation in
burners working at atmospheric pressure. Blends on the left side of the
boundary undergo flame quenching associated with lifting flame trou-
bles, while the flame tends to expire for those on the right side, tending
to produce flashbacks. Similarly, blends on the lower part of the
boundary combust with excessive air, reducing the heat supplied by the
burner. Conversely, the process undergoes partial combustion if the
blends fall on the upper part of the diagram [56].

As shown in Fig. 2, syngas-NG blends with 80NG; fall outside the
operating region, indicating no interchangeability. Moreover, all syn-
gas-NGy mixtures in Fig. 2 are not interchangeable without burner
modifications. In all cases shown in Fig. 2, a maximum of 15 vol % of
syngas could operate with NGg in atmospheric burners. In addition, 10
vol % of syngas would work with NG; for all cases. Cases with 15 vol %
of syngas blended with NG; are on the dashed black line boundary,
representing potential operating issues in the burner. Hence, the syngas-
NG blends outside the boundary region are not interchangeable without
modifying the burner [56].

Table 4 shows the interchangeability results for syngas-NG blends,
with syngas derived from pure biomass. Table 4 indicates that blends
with 15 vol % syngas and 85 vol % NGs; are interchangeable, as shown in
Fig. 2. The same result applies to 10 vol % syngas and 90 vol % NGy,
while all mixtures with NG are not interchangeable, according to Del-
bourg’s method.

Results show that a maximum of 15 vol % of syngas blended with
NG3 shows favorable interchangeability. A higher LHV; of syngas could
enable an increase in the syngas share; therefore, future works should
focus on improving LHV,. For example, using different gasification
agents in the TLUD gasifier, such as oxygen-enriched air, air preheating,
or pure oxygen, are strategies that could enhance the energy content of
the syngas [38]. For example, Sharma et al. [57] observed an increase in
the LHV,; when adding steam into the reduction zone of a downdraft
gasifier. Diverse authors reported an increase in the LHV, of syngas for
gasification agents other than pure air [58,59].
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Table 4
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Gas interchangeability results for syngas-natural gas blends, syngas from 100% biomass. Chemical composition in %Vol. The estimated uncertainty appears in pa-

rentheses for IW. and Cpo;.

Syngas-NG blends, vol %-vol % CH4 CoHeg C3Hg C4H;o Cco H, N, CO, IW,, MJ Nm > Cpor Interchangeable
20-80NG, 66.20 9.30 1.54 0.36 2.93 1.34 12.85 5.49 43.53 (+0.0008) 41.71 (£0.5907) No
15-85NG; 70.13 9.88 1.63 0.38 2.20 1.01 9.86 4.91 46.52 (+0.0008) 42.66 (£0.3039) No
10-90NG; 74.07 10.46 1.73 0.41 1.47 0.67 6.87 4.33 49.57 (+£0.0008) 43.39 (£0.6740) Yes
20-80NG 79.16 0.20 0.05 0.01 2.93 1.34 13.28 3.03 40.23 (+0.0009) 34.15 (£+0.8304) No
15-85NGy 83.91 0.21 0.05 0.01 2.20 1.01 10.32 230 43.16 (£0.0009)  35.43 (+£0.9324)  No
10-90NG, 88.65 0.22 0.05 0.01 1.46 0.67 7.36 1.57 46.20 (+0.0010) 36.28 (£1.0550) No
20-80NG3 67.68 8.09 2.90 - 2.93 1.34 12.56 4.49 44.85 (+0.0008) 42.09 (+0.6081) No
15-85NG3 71.71 8.59 3.09 - 2.20 1.01 9.55 3.86  47.94 (+£0.0008)  42.96 (+0.6508)  Yes
10-90NG3 75.73 9.10 3.27 - 1.47 0.67 6.55 3.22 51.10 (£0.0008) 43.63 (£0.7004) Yes
3.3.1. Combustion of syngas-natural gas blends conditions.

This section presents the results of the combustion of syngas-NG
blends at different ® values. The study estimates the flue gas composi-
tion and T,g through a thermodynamic analysis via Chemkin Pro®,
using the solver “Chemical and Phase Equilibrium Calculation.” The
oxidizer was dry air (21% O, 79% Nj, vol %) at 298 K and 101.325 kPa.
In addition, this section also shows S; estimations, implementing the
premix code of the same software for the assessed syngas-NG blends
using a procedure similar to that reported in Ref. [60]. Section S5 in the
supplementary material provides further information on the S
estimation.

Fig. 3a shows the flue gas composition of the syngas-NG3 mixtures
changing @ from 0.6 to 1.4. Adding 15 vol % of syngas causes only minor
changes in the combustion gases. Additionally, Hy and CO contents are
evident when @ ranges from 0.6 to 1.0, which is a consequence of
incomplete combustion. Therefore, slight variations in Hy and CO for the
original fuel (NGs3), compared with those obtained with Syngas-NGs
blends, are the first indication of the proper operation of these blends in
atmospheric burners. Hy and CO have a wide range of flammability that
represents a drawback for fire safety, but are advantages regarding
flame stability and emission reduction due to Hy content [17]. However,
as @ increases, more oxygen is available for oxidation, reducing Hy and
CO concentrations.

On the other hand, CO, was higher for syngas-NGs blends, which
could be associated with higher content of COy in syngas from pure
biomass. Note that for @ values higher than 1.0, CO, behavior is similar
for both fuels. Conversely, H2O has similar concentrations for @ between
0.6 and 0.8, but for higher values of &, HO is lower for syngas-NGs
blends. Due to the neutral carbon feature of biomass, syngas-NGs blends
could represent an attractive option to supply thermal energy while
contributing to reducing CO, emissions. Finally, NO concentrations do
not show significant changes in the combustion process of the evaluated

Syngas-NG; — NG;

%, Vol

Fig. 3b shows Tyg and S, for different @ values of NG3 and syngas-
NGs3 blends. Results indicate that for @ values lower than 0.9, T,g, does
not undergo significant variations. However, for & values higher than
0.9, NG3 reaches higher temperatures than those obtained for syngas-
NGg; blends. Nevertheless, for the @ values evaluated here, the temper-
ature difference was between 8 and 19 K, which would not result in
significant changes in burner performance. On the other hand, those
industrial processes that do not accept higher variations in temperature
could compensate for the required value via air preheating, which rep-
resents an alternative route to using the syngas-NGgs blends, ensuring the
necessary temperature. However, auto-ignition temperatures of the fuel
gases restrict maximum preheating temperatures. For example, Hy and
CO have auto-ignition temperatures of about 773 K and 882 K, respec-
tively [1]. Thus, this value will restrict air preheating temperature to
773 K for Hy, representing the upper limit.

Fig. 3b also shows the S; behavior for different & values. Using
syngas-NG blends affects laminar flame velocity in combustion devices
because of the changes in gas composition. The laminar flame velocity is
representative of the combustion process, revealing information asso-
ciated with the reactivity, diffusivity, and exothermicity of a fuel
burning in a combustion device [61]. Mixtures of 15 vol % syngas
derived from 100% biomass blended with NG3 only cause minor changes
in S;. The higher difference in this parameter occurs for ® values be-
tween 1.0 and 1.3, with S; around 3.8% lower than that for pure NG3
using the USC-Mech II reaction mechanism [62]. Herndndez et al. [63]
reported that Hj in the syngas increased the S;, value in an atmospheric
burner operating with syngas and natural gas mixtures. Hydrogen could
reach Sy, values five times higher than CH4 [64]. Albeit the syngas adds
Hs to syngas-NGgs blends, its relatively low share in these blends does not
cause a significant influence on laminar flame velocity because other
gases such as Ny and CO, reduce the thermal diffusivity and the flame
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Fig. 3. a) Flue gas compositions for syngas-NGs blends for different values of the equivalence ratio (), b) Adiabatic flame temperatures (black dashed and continued
lines) and laminar flame velocity (S;, blue symbols) for syngas-NGs blends using different ® values.
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temperature of syngas-NGs blends combustion [61], thus restricting the
increase on S;.. The slight differences between S, values for pure NG3 and
those for syngas-natural gas blends ensure that, under the same oper-
ating conditions, combustion in the burner remains stable, i.e., the
burner could not present instability problems such as lift-off, blow-off,
quenching, and flashback, among others. These are promising results for
the interchangeability of syngas-NGs blends, according to Delbourg’s
method.

3.4. Combustion potential, corrected Wobbe index, and methane number
for syngas, natural gas, and their blends

We incorporated the MN of syngas, NG, syngas-NG blends, and
complementary gases in the Delbourg diagram to assess the trends fol-
lowed by these gases regarding IW,, Cpo;, and MN. Fig. 4 plots the IW,
and the MN of the gases as a function of C,,. This figure, also included
gases from chemical processes and typical natural gases studied by
Leiker et al. [41], to gain further insight. Table 5 shows the methane
number for syngas from pure biomass, natural gases, and syngas-NG
blends that were interchangeable, according to Table 4.

According to Fig. 4, although NG is interchangeable with NG, NGs,
and syngas-NG fuel blends, it has a higher methane number, which
correlates with its combustion performance in applications such as ICEs
and GTs. Fig. 4 also shows the strong correlation between Cp,; and MN
for different fuels. Thus, fuel gas with higher knock-resistance, such as
syngas from pure biomass, presents a lower Cy,;, whereas lower knock-
resistance fuels, such as Hy and CoHy, have a higher C,. It is interesting
to note how fuels with different compositions follow this trend. The
dilution of fuels of high MN using inert gases such as nitrogen and car-
bon dioxide and the effect of hydrogen concentration in fuel gases with
low MN, explain this trend. Specifically, inert gases reduce the mole
fraction of active components such as hydrogen, methane, and hydro-
carbons, thus reducing C,,;. Furthermore, other studies have observed
that an increase in the CO content of the fuel gas also increases its knock
limit [65,66].

Fig. 4 and Table 4 show that, for NG; and NGgs, the 15-85NGg, 10-
90NGg, and 10-90NG; blends, for syngas from pure biomass, only pre-
sent slight variations in MN, i.e., operating with NG; and NGg, the
addition of syngas in the above percentages would not affect the oper-
ating conditions in ICEs. The higher variations in MN occur for 15-
85NGs, which is 5.8% higher than that for NG3, while the 10-90NG;
blend has a methane number 3.2% higher than NG;’s. On the other
hand, comparing MNs for the 15-85NG3 and 10-90NG; blends, regarding
NGa, shows the differences reaching numbers around 16%, indicating

Table 5
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Methane number for syngas, natural gases, and syngas-NG
blends evaluated in this research. Syngas corresponds to
those obtained from 100% biomass. The estimated uncertainty

appears in parentheses.

Gas/Syngas-NG blends MN
NG 75.4
NG» 92.3
NG3 73.7
100% Biomass 160 (+30.9)
10-90NGg, vol %-vol % 76.5
15-85NGs, vol %-vol % 78.2
10-90NG;, vol %-vol % 77.9

that these mixtures could present unusual combustion in ICEs. This
trend occurs because of the high methane content of NGy, as shown in
Table 3. This result is also evident in Fig. 4, which shows the proximity
of MN values for CH4 and NGo, the latter being 7.7% lower than the
former. The red dashed lines in Fig. 4 indicate the regions for gases of the
first and second family, tagged as Blasts Furnace Gas-Coke Gas and
Natural Gases, respectively.

We developed a further assessment between these variables and Sy,
for selected gases to uncover more trends with IW,, C,o;, and MN. Sec-
tion S6 in the supplementary material shows a complete description of
the main results. Moreover, Figure S6.1 shows the Delbourg diagram
using S; as a secondary axis for the studied fuels. This Figure illustrates
that S;, calculated values are similar for gases of the second family [16].
The mean laminar flame velocity of these fuels amounts to 0.3575m s,
with the maximum and minimum values being 0.3649 and 0.3514 m
s 1. Therefore, from an interchangeability perspective, the methane
number for the gases evaluated in this research is the most significant
variable for the second family of gases. Hence, attention should be paid
to the difference in their MNs, as was described in this section.

4. Perspectives

The abovementioned sections described the characteristics of syngas
produced from the co-gasification of coal and biomass in a TLUD
gasifier. This study assessed the interchangeability of NGs with syngas-
NG blends in atmospheric burners and high-pressure combustion de-
vices. A maximum share of 15 vol % of syngas enabled the formation of
blends with natural gas without altering the operating conditions in
atmospheric burners. A higher syngas share could be reached as the LHV
of the syngas is enhanced. Thus, diverse strategies such as changing the
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Fig. 4. a) Methane number behavior for syngas, NG, syngas-NG blends, and complementary fuel gases, represented in the Delbourg diagram. b) Visual enhancement
of magenta dotted line. Points 85NG3, 90NG3, and 90NG; are syngas-NG blends representing 15-85NG3, 10-90NG3, and 10-90NG;, respectively. The chemical
composition of gases G1, G, G, Go, and Gy; appears in Table S4.1 in the supplementary material [41].
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reducing agents for gasification are feasible to improve syngas quality.
For example, steam or pure oxygen combined with air can increase the
energy content of the syngas as compared to air [57,59,67]. In terms of
an interchangeability analysis, an improved syngas energy content im-
plies a high percentage of syngas in the blends with natural gas. How-
ever, additional combustion properties that influence combustion
stability should be evaluated. Among others, it is necessary to include
estimations of flue gases, flame temperature, laminar flame velocity,
NOy formation, and heat transfer to determine the maximum share of
syngas and their effects on the operating conditions of combustion
devices.

Fuel gases in fixed bed gasification systems mainly consist of Hp, CO,
and CHy, with the latter in concentrations lower than 5 vol % on a dry
basis [67,68], while Hy and CO have higher concentrations. Neverthe-
less, gases such as Ny and CO; are also present in gasification systems,
which cannot participate in combustion reactions, but absorb part of the
energy released in the combustion process. In addition, the N, and CO4
from syngas and those gases released in the combustion reaction could
affect the radiation properties of the appraised thermal application
because the gas emissivity changes, also modifying the heat transfer
distribution in the process. Besides this, the addition of CO and Hj from
the syngas to the natural gas will affect the flame temperature and
laminar flame velocity of the combustion process, which represent
additional challenges that must be controlled to ensure the stability of
the process. For example, Hy has S; values about five times higher than
CHy4, while CO could reach S;, values similar to, or slightly higher than,
CH4 [64]. On the other hand, the adiabatic flame temperature of Hy and
CO could be 8% higher than that of CH4 when air is the oxidizer [69],
implying that the equivalence ratio could require modifications to
ensure the proper temperature in the combustion process while ensuring
complete fuel conversion.

In ICEs, syngas can be used as primary or secondary fuel for trans-
portation or power generation applications. Some studies report the use
of syngas in compression ignition engines in which diesel serves as a
pilot fuel to ignite the mixtures, whereas others describe syngas inclu-
sion in dual-fuel engines to replace the higher diesel share [70].
Regardless of use, challenges associated with the injection timing and
the air displacement in the combustion chamber, which affects the en-
gine volumetric efficiency, limit the maximum share of syngas used. In
spark ignition engines, syngas could replace natural gas or gasoline.
However, engine performance will be affected because the low density
of the syngas reduces the engine volumetric efficiency. Increasing the
compression ratio (avoiding the knock effect), using direct fuel injec-
tion, and implementing superchargers or turbochargers could improve
efficiency when syngas is used as fuel in ICEs. Albeit of the above-
mentioned challenges or drawbacks, the inclusion of syngas could
reduce pollutant emissions [66], representing a significant advantage
compared to conventional systems [70]. In addition, high H, content in
syngas could increase operating range and thermal efficiency in ICEs
operating in dual fuel mode, but the NOx will also increase [71].

5. Conclusions

This study assessed the natural gas interchangeability with syngas
derived from the co-gasification of PKS-HVBC. Different syngas per-
centages with typical natural gases used in Colombia and the flue gas
compositions at various @ values allowed for assessing the potential of
syngas as an alternative fuel for thermal applications. Delbourg’s
approach and MN estimation were used as complementary methods to
evaluate the syngas-NG interchangeability in atmospheric natural gas
burners and high-pressure combustion applications. Results showed that
15 vol % of syngas derived from co-gasification of PKS-HVBC could
operate with NG3 in natural gas burners without affecting their oper-
ating conditions. Likewise, MN for blends with 15 vol % of syngas was
only 5.8% higher than that of natural gas, indicating proper operation of
this blend in high-pressure combustion applications.
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The inclusion of MN as a new axis in the Delbourg diagram illustrates
the trends followed by this parameter for the fuel gases evaluated. Re-
sults evidence that MN presents a stronger correlation with Gy, for
different gaseous fuels. Syngas from pure biomass showed the highest
MN of the evaluated fuels and the lowest Cp,;. Thus, as MN decreases, the
Cpor increases, revealing the influence of high hydrogen content of fuel
gases with low MN. In addition, the dilution of gaseous fuels with high
MN using inert gases such as Ny and CO; can also explain the observed
trends.

Slight differences in the flue gas compositions, T,g, and S, give
insights into the proper operation of syngas-NGs blends as a substitute
fuel for pure NGs. Results showed that CO, and H2O for syngas-NGs
mixtures were 3.3% higher and 4.3% lower, respectively than for NGs.
In addition, for the @ assessed values, T,q, decreased between 8 and 19 K
for syngas-NGs blends as compared to NGs. Similarly, S; showed minor
changes in their behavior for the studied @ ranges. The slight variations
in the variables above allowed for validation of the interchangeability
results obtained from Delbourg’s method and MN, for syngas-NGj
mixtures.

A greater attention to syngas studies for industrial applications is
recommended due to the pressing need to incorporate higher pro-
portions of alternative energy into our energy systems. Dual fuel com-
bustion in ICEs and interchangeability analysis are two promising
research areas for further exploring the integration of syngas in thermal
applications.
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