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This work discusses results on temperature profile, syngas composition, High Heating

Value, and efficiency of a Coffee Husk counter-current fixed-bed gasification process,

in which oxygen-steam blends were used as an oxidizing agent. The experimentation

was carried out for various Equivalence Ratios (ER) and Steam-Fuel Ratios (SF), whose

ranges were [1.6–5.6] and [0.4–0.8], respectively. The results show that increased steam

(higher steam fuel ratios) improves the H2/CO molar ratio i.e., for a constant ER = 3.7

and SF at 0.4, 0.6, and 0.8, the H2/CO ratio was 1.2, 1.4, and 1.8, respectively. Also,

the addition of steam tends to increase the syngas Higher Heating Value, which ranged

between 7,714 kJ/m3 at ER = 1.6 and SF = 0.4 and 8,841 kJ/m3 at ER = 3.2 and SF =

0.8. On the other hand, increased ER (lower oxygen) decreases the Net Cold Gasification

Efficiency (CGENET) which was between 53% at ER= 5.6 and SF= 0.6 and 82% at ER=

1.6 and SF= 0.4. Results were also compared to results published before for gasification

of the same biomass but using air-steam mixtures for partial oxidation. This comparison

shows that the use of oxygen increases both the temperature profile in the bed and the

yield of CO and H2 contained in the syngas.

Keywords: biomass gasification, coffee husk, updraft gasifier, oxygen gasifying agent, syngas

HIGHLIGHTS

- Use of coffee husk as agro-industrial waste for generation of fuel.
- Quality enhancement of syngas by yielding oxygen-steam agents into the gasifier.
- Small-scale gasification technology very appropriate to generate syngas to low cost for
many farms.

INTRODUCTION

The continuous increase in both energy consumption and emissions, generated in the combustion
of fossil fuels, around the world (International Energy Agency, 2016) has stimulated the study of
new sustainable energy technologies to reduce the dependence of the population on fossil fuels. The
economies of many countries are based on agro-industry, a sector that produces a lot of biomass
residues that can be used as feedstock for the production of solid, liquid, and gas biofuels via
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thermochemical or biological gasification processes (Abbasi and
Abbasi, 2010; Gírio et al., 2010; Yang et al., 2014; Aslan, 2016;
Chen, 2016; Cutz et al., 2016; Joselin Herbert and Unni Krishnan,
2016; Bilgili et al., 2017; Toklu, 2017). Thermochemical processes
to produce biofuels under biomass conversion include partial
oxidation with pure air or pure oxygen to produce a syngas rich in
CO and CH4, reforming with steam to produce mixtures of CO2

and H2, partial oxidation and partial reforming with air-steam or
oxygen-steam to produce a syngas rich in H2, and pure pyrolysis
without any oxidizer to produce liquid and gas fuels (Hernandez
et al., 2016; Pacioni et al., 2016; Kirsanovs et al., 2017; Li et al.,
2017; Sansaniwal et al., 2017b; Tanczuk et al., 2017; Xiao et al.,
2017; Zhang and Pang, 2017). Thus, one of the most performed
thermochemical processes is coal and biomass air-gasification
have been used for a long time to produce syngas with a high
heating value (HHV) ranging from 4 to 6 MJ/SATP m3 (Gordillo
and Annamalai, 2010; Sandeep and Dasappa, 2014). However,
in order to improve syngas quality (HHV and composition),
the other gasification processes mentioned above have been
studied. For instance, the use of pure oxygen as oxidizing agent
instead of air enhances the energy density of the syngas produced
(Kurkela et al., 2016; Hussein et al., 2017). On the other hand,
biomass oxygen-steam gasification is a process used when it
is required improving both gas composition and HHV of the
mixtures produced.

Colombia is a country known for its coffee agroindustry
and whose production of green coffee in 2016 was of 870,000
metric tons, which produced about 141,627 metric tons of
coffee husk (CH) waste. This waste can be used as feedstock
for the in situ production of gaseous fuels via small-scale
gasification, which can take advantage for energy generation
in order to reduce the dependency of farms on fossil fuels.
Updraft fixed-bed gasification technology is the most suitable
for the control of the composition of the mixtures produced
since the gasification stages are known as drying, pyrolysis,
reduction, and combustion occur in different zones in the bed of
the gasifier. Also, updraft gasifiers are very good for small-scale
energy generation requirements because of its simple operation
(Gordillo and Annamalai, 2010; Plis and Wilk, 2011; Sansaniwal
et al., 2017a). The mixture contained in biomass releases at
temperatures ranging from 373 to 450K in the drying zone,
placed on the top of the bed, whereas the volatile matter,
contained in the dry biomass coming from the drying zone, is
released at 450K < T < 990K in the pyrolysis zone. The char
(fixed carbon and ash) produced in the pyrolysis zone downwards
through the reduction zone where it reacts, at 990K < T <

1,100K, with the species (CO2, CO, H2, H2O) yielded in the
combustion zone to produce secondary species such as CH4,
CO, CO2, H2, etc. In the combustion zone, the remaining char
from the reduction zone reacts with the oxidizing agent supplied
through the plenum of the gasifier to produce the heat required
in the process. The peak of temperature occurs in the combustion
zone where the global heterogeneous-exothermic reactions of
char with oxygen take place and release the heat required in
the global gasification process. Above of the combustion zone,
the temperature starts to decrease because the global reactions
occurring in these zones (pyrolysis, reduction, and drying)

are endothermic. Table 1 shows the global reactions occurring
during a gasification process. Reactions with enthalpy lower than
zero are exothermic and those with enthalpy higher than zero
are endothermic.

Gordillo and Rodriguez (2011) researched adiabatic
gasification and pyrolysis of coffee husk. Via simulation, the
NASA CEA software was used in order to obtain the compounds
and HHV of Syngas as well as the Energy Conversion Efficiency
of the gasification. Among the results, it is highlighted that the
syngas is rich in CO2 and H2 and the Activation Energy of coffee
husk is close to 221 kJ/mol. Wilson et al. (2010) published results
on a (coffee husk) CH gasification study, carried out at constant
temperatures of 700, 800, and 900◦C and using oxygen-nitrogen
blends as an oxidizing source. The results showed that increasing
both the temperature and the oxygen concentration enhances
the CO content in mixtures, e.g., raising the temperature from
700 to 900◦C in an environment of pure nitrogen (100% nitrogen
and 0% oxygen) and for an environment with 3% of oxygen (97%
nitrogen and 3% oxygen) on a molar basis increased the CO
concentration in the syngas from 2.17 to 5.49% and from 3.28
to 5.93%, respectively. In Van Huynh and Kong (2013) carried
out an experimental study on a pilot-scale biomass gasifier
using oxygen—steam as the gasifying agents. The biomasses
used as feedstock to feed the gasification facility were pinewood,
maple-oak mixture, and discarded seed corn. They concluded
that the H2/CO ratio increases when the oxygen supplied also
increased—e.g., increasing the oxygen from 21 to 40% enhanced
the H2/CO ratio from 0.59 to 0.75, 0.36 to 0.43, and 0.67 to
0.84 for pine, discarded seed corn, and maple-oak, respectively.
Lenis et al. (2016) performed research on fixed-bed gasification
of Jacaranda Copaia wood where air enriched with oxygen (21,
24, and 29% vol) was used as a gasifying agent. The conclusion
of these experimental results showed that an increase in the
oxygen concentration raises the biomass consumption in the

TABLE 1 | Chemical reactions in the gasification process.

Chemical reaction 1Hθ

r

[kJ/mol]

R1 Solid Biomass → VM + Char+ Tar

Char combustion

R2 C2 +
1
2O2 → C+ CO −111

R3 C + O2 → CO2 −394

Char gasification

R4 C + CO2 → 2CO 173

R5 C + H2O → CO+ H2 131

R6 C + 2H2 → CH4 −75

Homogeneous reactions

R7 CO + 1
2O2 → CO2 −283

R8 H2 + 1
2 O2 → H2O −242

R9 CH4 + 2O2 → CO2 + 2H2O −803

R10 CO + H2O → CO2 + H2 −41

R11 CH4 + H2O → CO+ 3H2 206

Adapted from Gírio et al. (2010), Bilgili et al. (2017), and Toklu (2017).
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gasifier due to lower nitrogen amount, which reduces syngas
thermal energy losses by heating of nitrogen. In Liu et al. (2018)
carried out experimental research on a two-stage fluidized
bed gasifier using oxygen-enriched air as gasifying agent and
rice straw as fuel. The oxygen concentrations of the gasifying
agent were from 21 up to 45%. Thus, the findings present that
increasing the oxygen concentration is conducive to raising
the gasification temperature, leading to enhancement of the
HHV of syngas (4–5.24 MJ/kg) and improving the gasification
efficiency. A secondary oxygen injection of 33% of primary
oxygen reduced the tar concentration from 15.78 to 10.24
g/Nm3. Bonilla and Gordillo (2017) performed experimental
research on autothermal gasification of CH using air-steam
blends as gasifying agents. In their research, Equivalence Ratio
(ER) and Steam-Fuel Ratio (SF) were the parameters set which
ranged 1.53–6.11 and 0.23–0.89, respectively. The HHV of the
syngas obtained was between 3,112 and 5,085 kJ/SATP m3. The
main chemical composite concentrations (%) of syngas on a dry
basis at its maximum HHV were H2 = 18.81, CO = 10.13, CO2

= 19.33, and CH4 = 3.52. The results evidence that even though
supplying steam into the gasifier decreases the main temperature
of the fixed-bed, the HHV of syngas increases.

A literature review shows that there are no previous studies
on fixed bed counter-flow gasification of CH using oxygen-
steam mixtures as an oxidizing source. Also, the previous
study on biomass gasification (Gordillo and Rodriguez, 2011)
with nitrogen-oxygen showed only the effect of increasing the
oxygen (21–40%) on the H2/CO ratio. Thus, this paper presents
results from a study carried out in fixed-bed counter-flow
gasification of CH using oxygen-steam as an oxidizing agent. As a
principal contribution, this study discusses the effect of operating
parameters such as Equivalence Ratio (ER) and Steam-Oxygen
ratio (SF) on temperature profiles along the gasifier axis, syngas
composition, syngas HHV, and Cold Gas Efficiency (CGE), and
Total Energy Improvement Ratio (TEIR). Also, the results are
compared to results previously published (Bonilla and Gordillo,
2017) on gasification of CH but using air-steam mixtures as an
oxidizing agent. The thermochemical characterization (empirical
formula, DAF-HHV, formation enthalpy, etc.) of the CH also
is presented. ER and SF are defined in Equations (1) and
(2), respectively.

ER =
stoichiometric oxygen moles

actual oxygen moles
(1)

SF =
actual steam moles

actual fuel moles
(2)

The Equivalence Ratio is defined according to the USA definition.

MATERIALS AND EXPERIMENTAL
METHOD

Fuel Biomass
CH samples were obtained from Colombian agroindustry
and characterized under proximate and ultimate analysis. The
samples were prepared under the ASTM D2013 standard as
required for the proximate analysis, which were carried out under

the following standards: moisture (ASTMD3302), volatile matter
(ASTMD3175/D7582), ash content (ASTMD4239), fixed carbon
(ASTM D3172), sulfur (ASTM 2492), high heating value (ASTM
D5865). The elemental analysis was done as follows: carbon,
hydrogen, and nitrogen (ASTM D5373), sulfur (ASTM 2492),
ashes (ASTM D3174-12/D7582-15). Also, the particle size of the
biomass was determined by using the ASTM D422.

Experimental Setup and Procedure
Figure 1 shows the experimental facility where the
experimentation was developed. It is a low-scale (about 10
kW) counter-flow fixed-bed gasifier that can use air-steam or
oxygen-steam blends as an oxidizing source. The main facility
components are (i) fixed-bed gasifier, (ii) biomass hoper, (iii)
temperature data logger, (iv) pneumatic vibrator coupled to the
grate, (v) steam generator, (vi) gas cleaning system, (vii) a gas
analyzer (GS), and (viii) syngas burner.

(i) The fixed-bed gasifier is 1m height and built of a castable
alumina refractory tube whose inner and outer diameters are
127 and 254mm, respectively. The tube is surrounded by a
5 cm insulating fiberglass blanket layer to reduce the heat loss.
The biomass hopper has a worm screw in the bottom to feed
the biomass continuously. The temperature data logger (Omega
RD8800) records every minute the temperature obtained from
8 k-type thermocouples placed along the axis of the bed in a
way that it gives the profile of the temperature along the gasifier
bed. The steam generator is built of a 10 cm stainless steel tube
surrounded by an electric tape resistance with variable power
from 350 to 1,000W. The tube and resistance are externally
isolated with a 10-cm layer of fiberglass blanket to avoid heat
loss. The mass rate of vapor generated in this device depends on
the power supplied by the electrical resistance and varies from
1.3 to 17.3 g/min. The oxygen volumetric flows supplied to the
gasifier weremeasured by an oxygen flowmeter (Dwyer), whereas
the steam flows were measured using a certificated calibrated
rotameter (Aalborg P11A1-VA0). The pneumatic vibrator is
joined to the conical cast grate to maintain continuous ash
removal from the bed to gasifier plenum, placed under the grate
at gasifier bottom. The cleaning gas system has a moisture and tar
collector that are preceded by a set of filters to retain the particle
material flowing with the syngas. Samples of the clean syngas
leaving the filters are taken to the gas analyzer (Gasboard-3100
Infrared Syngas), which analyzes the mole fraction of H2, CO,
CO2, CH4, and CnHm between the following ranges: 0 < CO2 <

50%, 0 < CO < 100%, 0 < CH4 < 10%, 0 < H2 < 50%, and 0
< CnHm < 10%. Gas samples analyzed are mixed downstream,
with the remaining syngas to be burned in the syngas burner.

Operating Conditions
The experiments were carried out according to the parameters
specified in Table 2 and under the following sequence: (i) the
gasifier grate was heated at 550◦C using a torch, (ii) the gasifier
plenum was closed and the temperature recorder was turned
on in order to store temperature every minute, (iii) the bed
was fed with biomass until the bed height was 16 cm, (iv) the
flows of steam and oxygen were adjusted as required for each
experiment (ER, and SF), (v) the fed biomass continued as it
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FIGURE 1 | Gasification facility.

TABLE 2 | Experimental parameters.

Oxygen pressure and temperature 0.76 bar, 18◦C

Steam pressure and temperature 0.76 bar, 92◦C

Bed height 160 mm

Fuel biomass Coffee husk

Particle size Flake where 80% of the mass

is dp < 4 mm

Biomass flow rate 0.166 g/s (600 g/h)

Oxygen flow 15 SFCH−4 SFCH

(0.42 SATP m3/h−0.11 SATP m3/h)

Steam flow 2.18–4.99 g/min

(130.8–299.4 g/h)

ER 1.49–5.59

SF 0.38–0.87

was burned until the gasifier was at almost steady-state, i.e., peak
temperature at the bed did not change, (vi) the syngas samples
were carried out toward a gas analyzer at a flow rate of 1 l/min to
be analyzed, (vii) the samples analyzed and the syngas remaining
were fixed downstream and burned in the gas burner, (viii) the
sample analysis continued at real time during 10min, (ix) the
biomass screw feeder was stopped and the gasifier cooled down

until room conditions, (x) char samples were taken from the
gasifier plenum to be analyzed, and (xi) all systems compounding
the experimental facility were cleaned to prepare the facility for
the next experiment. All experimentation was carried out at
P = 76 kPa and temperatures of oxygen and steam of 18 and
92◦C, respectively.

RESULTS AND DISCUSSION

Biomass Characteristics
Table 3 shows the results on ultimate, proximate, lignocellulose
analyses, the biomass empirical formula and formation enthalpy
as well as the particle size distribution of CH. The empirical
formula was determined based on the atom balance on
components given by proximate and ultimate analyses, whereas
the formation enthalpy was derived using the dry ash-free high
heating value (DAF HHV) in order to perform an energy
balance between reactants and products of the theoretical
combustion of a kmol of biomass defined as the empirical
formula (CH1.63N0.015O0.82S0.0024).

Proximate analysis results show that the CH has a high volatile
matter content, which makes this biomass a good feedstock
for gasification processes in order to produce clean fuels. Due
to its dry ash-free high heating value (21,217 kJ/kg), CH is
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TABLE 3 | Characterization of CH.

Proximate analysis

Moisture % 10.10

Volatiles % 79.86

Ash % 1.20

FC % 8.84

Ultimate analysis

C % 44.52

H % 6.03

N % 0.78

O % 48.38

S % 0.29

HHV (kJ/kg) 18,740

DRY HHV (kJ/kg) 20,845

DAF HHV (kJ/kg) 21,127

Empirical formula CH1.63N0.015O0.82S0.0024

Enthalpy formation (kJ/mol) −103,957

Analysis of lignocellulose

Cellulose % 30.12

Hemicellulose % 15.90

Lignin % 27.87

Particle size

[0,0; 0,5] mm 13.15%

[0,5; 1,0] mm 14.01%

[1,0; 1,7] mm 20.54%

[1,7; 2,0] mm 9.94%

[2,0; 2,8] mm 20.6%

[2,8; 4,0] mm 19.33%

[4,0; 5,6] mm 2.33%

appropriate for combustion processes to produce heat or for
gasification process with steam-oxygen mixtures rich in steam
without heat supply. More steam supplied to the gasifier implies
low gasification temperatures. In gasification processes when the
temperature is very low, the gasification process is not sustainable
by itself and requires heat addition.

Uncertainty Analysis
The uncertainty in the flows of oxygen, steam, biomass fuel, and
syngas composition was estimated according to Equations (3)
and (4), which give the total uncertainty and the uncertainty
propagation, respectively.

σ
2
xi

= B2xi + P2xi (3)

σ
2
r =

j
∑

i=1

(

∂r

∂xi

)2

σ
2
xi

(4)

Where, Bxi and Pxi are systematic uncertainties and random
uncertainties of xi; r = r(x1, x2, ..., x2) is function of xi
measured variables of j; σr , σxi are uncertainties of r and xi,
respectively. The temperature was tested with thermocouples
of the accuracy of ±0.75%. The uncertainty derived from
thermocouple operation was ±0.15% which gives an uncertainty
total, given by Equation 4, in temperature, of ±0.76%. The

oxygen flow rate was measured by a rotameter with 20 SFCH-
full scale (0.57 m3/h), 1 SFCH (0.0285 m3/h) of resolution,
and accuracy of ±4%; the total uncertainty of airflow, given
by Equation (3), was ±4%. Steam flows entering the gasifier
were measured with a rotameter of 9.96 cm3/min full scale,
0.066 cm3/min resolution, and an accuracy ±1%. Thus, total
uncertainty to water flow rate measurement was ±1%. The
feeding system (screw feeder) was calibrated previously and its
systematic uncertainty was ±3.42%. The total uncertainty of
scale used to measure the sample weight was ±1%, and the
total uncertainty of the timer used to measure the feed rate
was ±3.87%. The uncertainties of ER and SF are functions of
two variables, which were calculated by using Equation (4),
resulting in ±5.57% for ER and ±4.12% for the SF ratio. The
total uncertainty about syngas compounds measured by a mass
spectrometer was±1% accuracy only.

Temperature Profiles Along the Gasifier
Axis
Figures 2–4 show the temperature profiles along the gasifier
axis for different SF and ER ratios. The temperature curves
show that the temperature peak occurred at about 4 cm
above of the grate, indicating the midpoint of the combustion
zone where the char reacts with the oxygen-steam mixture
supplied, releasing CO and CO2 via the oxidation of C
(C + 1

2O2 → CO, C + O2 → CO2) and H2 and CO via the
Carbon steam reforming reaction (C + H2O → H2 + CO).
Also, the heat required to drive the gasification process is released
in the combustion zone by the oxidation of C. Downstream
of the combustion zone (height > 4 cm), the trend of the
temperature curves is decreasing since almost all the oxygen
supplied to the gasifier is consumed in the combustion zone,
and hence the reactions occurring over there are endothermic.
Immediately above the combustion zone is the pyrolysis zone,
where the volatile matter contained in biomass is released as
a mixture of gases composed basically of CO, CO2, H2O,
H2, CH4, C2H6, and other heavier gases. Above the pyrolysis
zone, one of the more important reactions is the shift reaction
(CO + H2O → H2 + CO2), in which the CO coming from
the combustion and pyrolysis zone reacts with the steam released
in the dry zone to produce more H2 and CO2. In general,
pyrolysis and drying processes are endothermic, consuming an
amount of the heat produced in the combustion zone.

Figures 2, 3 show the effect of the ER on the temperature
profiles. All curves show that increased ER tends to decrease the
temperature along the gasifier axis. i.e., the pick temperature (Tp)
that occurs in the combustion zone decreases with increased ER
(lower oxygen supplied). Lower oxygen in the combustion zone
implies poor oxidation of C (rich oxidation) and hence a lower
heat released—i.e., at SF = 0.4, increasing the ER from 1.6 to 5.6
decreases the peak temperature from 979 to 864◦C. Also, results
show that the increase in SF decreases temperature along the
gasifier. Increased SF implies more steam supplied to the gasifier
and hence the steam reforming reactions, which in general are
endothermic, are favored—i.e., at ER= 1.6, the peak temperature
is 979◦C for a SF= 0.4 whereas it is 825◦C for a SF= 0.8.
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FIGURE 2 | Temperature profile along of gasifier bed axis at (A) SF = 0.4; (B) SF = 0.8.

FIGURE 3 | Temperature peaks vs. ER for several SF ratio values for air and

oxygen gasification of CH.

Figure 3 shows the effect of the ER and SF ratios on
the combustion temperature (peak temperature). All curves
show that the temperature in the combustion zone decreases
with increased ER and SF ratios. Increased ER implies a
lower oxygen supply to the gasifier, hence the combustion
of char (C2 + 1

2O2 → C + CO, C + O2 → CO2) in the
combustion zone occurs in an environment poor in oxygen
leading to more production of CO than CO2. Partial oxidation of
C to produce CO released lower heat than those to produce CO2.
On the other hand, when the SF is increased, at constant ER, the
steam-reforming reaction of char (C + H2O → H2 + CO) to
produce CO and H2 is favored due to more steam entering the
gasifier. This leads to lower temperatures in the combustion zone
because ofmore head consumed by the steam reforming reaction,
which is endothermic. Also, when the combustion zone is poor in

FIGURE 4 | H2 production vs. ER for several SFs for air and oxygen

gasification of CH.

oxygen, due to increased ER, the carbon burnt decreases, leading
a lower heat release.

Syngas Composition
Figures 4–7 show the percentages of H2, CO, CO2, and CH4

contents in syngas as a function of ER and SF ratios. As shown
in Figure 4, H2 content increases as ER and SF increase. At
constant SF, the H2 curves tend to be linear with ER for ER
> 1.75. i. e., at SF = 0.4, increasing the ER from 1.6 to 5.6
raises the H2 content from 26.3 to 28.7%, which corresponds
to an increase of the H2 production of 9.12%. However, at
SF = 0.8, for the same increase in ER (1.6–5.6) the increase
in H2 content (36.5–39.1%) is only 7.1%. This implies that at
higher SF the effect of the ER on the H2 production tends to
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FIGURE 5 | CO concentration vs. ER at several SF values.

be less important. At constant SF, increased ER leads to lower
oxygen entering the gasifier and hence the combustion of char
in the combustion zone (C + O2 → 1

2CO, C + O2 → CO2)
occurs in a poor oxygen ambient, which favors the production
of CO instead of CO2. More CO produced in the combustion
zone by partial oxidation of C implies more production of
H2 through the reaction of CO with both the steam supplied
to the gasifier and the moisture released in the drying zone
(CO + H2O → H2 + CO2). Thus, H2 production starts in
the combustion zone and continues through the other zones
(reduction, pyrolysis, and drying). Figure 4 also shows the
effect of SF on H2 production. At constant ER, the effect
of increasing SF is to produce more H2 due to more steam
supply with the oxidizing source, which favors the shift reaction
(CO + H2O → H2 + CO2) and carbon reforming reaction
(C + H2O → H2 + CO)–i.e., at ER = 1.6, rising SF from 0.4
to 0.8 increases the H2 production from 26.3 to 36.5%, which
corresponds to an increase of 38.8%, whereas at ER = 5.5 the
same increase in SF (0.4–0.8) increases the production of H2 by
36.2% (from 28.7 and 39.1%). This suggests that the effect of SF
on the H2 is almost linear for the ranges of the ER (1.6 ≤ ER ≤

5.6) and SF (0.4 ≤ SF ≤ 0.6) studied.
Figure 5 shows the effect of the ER and SF ratios on

the CO production. The trend of the curves is to decrease
with increased both ER and SF. Increased SF implies more
steam free downstream the combustion zone, which favors
the shift reaction (CO + H2O → H2 + CO2) that consumes
more of the CO produced by the carbon steam reforming
reaction (CO + H2O → H2 + CO2) in the combustion zone.
At constant SF, increasing ER leads to a combustion zone poor
in oxygen concentration, with partial oxidation of carbon (C)
producing CO since the combustion of char is almost diffusion-
controlled (Hernández et al., 2012). At much higher ER, the
gasification process tends to be near to pyrolysis, in which more
of the species produced are due to the volatilization of volatile
matter contained in biomass. Also, increased ER decreases the

FIGURE 6 | CO2 concentration at several SF vs. ER.

FIGURE 7 | CH4 concentration at several SF vs. ER.

temperature peak in the combustion zone where the oxidation of
carbon occurs, which disfavors the reaction C2 + O2 → 2CO,
since it is more important at T > 800◦C than that of the carbon
(C + O2 → CO2) to produce CO2.

Figure 6 illustrates that an oxidizer source richer in H2O
(increased SF) and poorer in O2 (decreased ER) produces
syngas with higher CO2 content. More H2O supplied to
the gasifier implies a combustion zone with a high H2O
concentration, which favors the carbon reforming reaction
(C + H2O → H2 + CO) that produces CO and H2. Also,
environments richer in both H2O and CO favor the shift reaction
(CO+H2O → H2 + CO2), which consumes CO to produce
CO2 downstream the combustion zone.
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In general, from results presented in Figures 5, 6, it is
apparent that under the parametric experimental conditions
in which the research was developed the shift reaction
(CO + H2O → H2 + CO2) was more important than the
Boudouard reaction (C + CO2 → 2CO). Shift and Boudouard
reactions are competitive for CO and CO2 productions. Also,
Boudouard reaction is dominant at extremely high temperatures
or when the O2 concentration is very low (Hernández et al.,
2012).

Methane production is shown in Figure 7 for different ER
and SF ratios. In general, the production of CH4 was below
5%. Increasing both ER and SF enhances the production of
H2 (Figure 4) and hence the production of CH4 through the
reaction (C + 2H2 → CH4), occurring in the reduction zone,
which is important at extremely high temperature or at high
H2 concentration.

HHV of Syngas
The Syngas High Heating Values (HHVsyngas) or energy density
of syngas was calculated using Equation (5).

HHVsyngas =

j
∑

i=1

Xi ·HHVi (5)

where,Xi andHHVi are themolar fraction and high heating value
of each gas fuel, contained in syngas, respectively. HHVsyngas

is the high heating value (kJ/ SATP m3 of dry syngas). Table 4
presents the syngas energy density in a dry base for the operating
parameters (ER and SF) used during the experimentation. At
constant SF, the energy density of the syngas increases with
increased ER until ER = 2.5, where it starts to decrease as the
ER increases. On the other hand, at constant ER the increase in
SF always increases the syngas energy density. As SF increases,
the production of CH4 and H2 increases although the production
of CO decreases. The syngas energy density is strongly affected
by the production of CH4 which is a gas that has the highest
HHV as compared to other species in the syngas produced—i.e.,
the CH4 energy density is 36,264 kJ/SATP m3 while those of the
CO and H2 are 12,048 and 12,123 kJ/SATP m3, respectively. The
syngas HHV (HHVsyngas) was 7,625–8,841 kJ/SATP m3, which
corresponds to 21.0 and 24.4% of the methane-HHV.

Energy Recovery
Although HHVsyngas gives information on the energy density of
the syngas produced, it does not provide information about the
energy recovered per biomass unit gasified. Cold gas efficiency

(CGE) or energy recovery typically is a parameter used to
estimate the energy recovered in syngas (room conditions) per
unit of biomass gasified. The recovery energy fraction in the
syngas is calculated using Equation (6), the remaining energy is
in char, tar, and syngas sensible heat.

CGEnet

=
∀̇syngas ·HHVsyngas

ṁbiomass ·HHVbiomass + ṁsteam · △hwater−steam + ∀̇oxygen · EVoxygen

(6)

Where, CGEnet is the net Cold Gas Efficiency or energy recovery,
∀̇syngas (m3/h) is the syngas flow, HHVsyngas (kJ/m3) is syngas
density on a dry basis, ṁbiomass (kg/h) is the mass of CH gasified
per hour, HHVbiomass (kJ/kg) is the Higher Heating Value of
DAF-CH, ṁsteam (kg/h) is the mass rate of steam supplied to
the gasifier, △hwater−steam is the difference of specific enthalpy
(kJ/kg) between steam (0.76 bar, 92◦C) and water (0.76 bar,
20◦C), ∀̇oxygen is the supplied flow of oxygen (m3/h) entering into
the gasifier, and EVoxygen is the energetic value of oxygen (1,129
kJ/m3) (Cerone et al., 2016).

Figure 8 presents the CGEnet at constant SF, the CGEnet
always decreases as ER values increase. Increased ER increases
the production of char due to lower oxygen available in the

FIGURE 8 | Net cold gas efficiency for several ER and SF values.

TABLE 5 | Model summarize.

Fuel gas R R2 Adjusted R2 Standard error

of the estimate

Durbin-Watson

CO 0.990 0.981 0.979 0.41937 1.363

H2 0.998 0.996 0.995 0.30434 0.700

TABLE 4 | HHV of syngas [kJ/SATP m3 ].

SF ER

1.6 2.0 2.5 3.2 3.7 4.5 5.6

0.4 7,714 7,753 7,793 7,790 7,726 7,735 7,625

0.6 8,074 8,204 8,309 8,296 8,283 8,269 7,980

0.8 8,568 8,733 8,837 8,841 8,832 8,703 8,681
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combustion zone for the combustion of char—i.e., when the ER
tends to zero the gasification process tends to be pure pyrolysis,
in which the syngas produced corresponds to the volatile matter
content in biomass. At ER ≥ 3.2, the effect of the SF ratio on
energy recovery is to increase. In general, increased SF tends
to produce syngas with higher HHV due to more production
of both CH4 and H2. Increased SF implies more H2O in the
combustion zone, which favors the char steam reforming reaction
and hencemore char consumed to produce H2 and CO and lower
char in gasifier plenum. The energy recovery ranged between 53
and 82%.

Multiple Linear Model for CO and H2

Concentration
Since the behavior of CO and H2 concentration as a function
of ER is near to that of a straight line for several SF values,
the hypothesis of a linear function of CO concentration which
depends on ER and SF was evaluated in the current study. Thus,
a statistic model under multiple linear regression conditions was
performed in the software IBM R© SPSS R© STATISTICS 24 where
the results that confirm the viability of the model are shown
in Table 5.

According to the correlation coefficient (R) and the coefficient
of determination (R2), the data points have an adequate

dispersion, but an adjusted coefficient of determination allows
knowing the dispersion based on all of the independent variables
(ER and SF) and not only based on one of them. On the other
hand, the standard error of the estimate calculated means that
the data has excellent accuracy, and Durbin-Watson number
indicates that there is a positive autocorrelation for the analysis
of regression [0; 2]. Further, the CO and H2 concentration in
dry basis equations were calculated as functions of ER and SF as
shown in Equations (7) and (8). Figure 9 shows the trend for H2:

CO = −8.071 SF − 1.847ER+ 34.369 (7)

H2 = 26.036 SF + 0.564 ER+ 15.074 (8)

Oxygen-Steam Blends vs. Air-Steam
This section compares the results of this study to others carried
out by the authors, using steam-air mixtures as an oxidizer
and the same biomass (Bonilla and Gordillo, 2017). The use of
oxygen–mixtures as gasifying agent enhances the temperature
along the gasifier, and hence the mole fractions of CO and H2

in the syngas yield as compared to the use of steam-air—i.e., at
SF = 0.4 and ER = 3.2, the CO and H2 dry basis concentrations
were 25 and 27.5%, respectively, for oxygen-steam, whereas these
for gasification with air-steam were 12.4 and 12.4%, respectively.
More oxygen supplied implies more heat released by higher

FIGURE 9 | Fitted plane as a function of ER and SF for dry H2 concentration.

TABLE 6 | TEIR is the energy recovery ratio between oxygen-steam and air-steam gasification.

SF ER

1.6 2.0 2.5 3.2 3.7 4.5 5.6

0.4 4.61 4.44 4.42 4.65 4.41 5.40 6.53

0.6 3.88 3.88 3.47 3.59 3.67 4.17 4.69

0.8 2.57 2.62 2.77 2.72 2.72 3.03 3.58
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char oxidation (more production of CO2). Also, when the air
is supplied as oxidizer, a fraction of the heat released by the
oxidation of char is consumed as sensible heat of the N2. Also,
using oxygen instead of air increases both the HHV and CGENET,
respectively i.e., at SF= 0.6 and ER= 3.7, the HHV and CGENET
were 8,283 kJ/SATP m3 and 0.61 by using oxygen, whereas the
HHV and CGENET were 4,391 kJ/SATPm3 and 0.32, respectively,
for air-steam gasification. In general, the comparison of results
shows that the use of oxygen instead of air improves syngas
quality. Table 6 shows a ratio, defined by Equation (9), that
gives information about the total energy recovered in the syngas
produced for each mass unit of CH gasified, using oxygen-steam
and air-steam gasification.

TEIR =

[

HHVsyngas·CGEnet
]

Oxy
[

HHVsyngas·CGEnet
]

Air

(9)

Where, TEIR is the Total Energy Improvement Ratio, HHVsyngas

is the syngas Higher Heating Value and CGEnet is the net Cold
Gas Efficiency.

CONCLUSIONS

Results show that increased ER and SF ratios tend to decrease
both the temperature in the combustion zone and the CO
contained in syngas, whereas the H2 content in syngas increases
as ER and SF increase. On the other hand, increased SF and
decreased ER increase the production of CO2. The methane
production was lower than 5% and increased as both ER and SF
ratios increased. At constant ER, the HHV of syngas increases
as when SF ratio is increased. The effect of the ER on HHV

is to increase until ER = 3.2, while at ER > 3.2 increasing

ER tends to decrease HHV. At constant SF, the CGEnet always
decreases as ER increases. The comparison between oxygen-
steam and air-steam gasification of CH shows that under the
same operating conditions, the gasification with oxygen-steam
increases the temperature along the gasifier, the HHV of the
syngas, and the energy recovery. Additionally, the maximum
cold energy recovery was 82% for oxygen-steam and 62% for
air-steam gasification.
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