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Abstract: The goal of this work is to understand the gasification process for Miscanthus briquettes in
a double-stage downdraft gasifier, and the impact of different Equivalence Ratios (ER) on syngas,
biochar, and tar characteristics. The optimal ER was found to be 0.35, which yielded a syngas
maximum heating value of 5.5 MJ/Nm3 with a syngas composition of 20.29% CO, 18.68% H2, and
0.86% CH4. To better understand the observed behavior, an equilibrium reaction model was created
and validated using the experimental data. The model showed that the heating value decreased with
increasing ER, and that hydrogen production peaked at ER = 0.37, while methane (CH4) became
negligible above ER = 0.42. Tar and particle content in the gas produced at a certain temperature
can now be predicted. To assess the biochar characteristics, surface structure image analysis and
a surface area porosity analysis were carried out. Employing images from a scanning electron
microscope (SEM), the biochar cell bonds and pore structures were examined and analyzed. By using
the Brunauer-Emmett-Teller (BET) analysis of the surface porosity, the surface area to be 186.06 m2/g
and the micro pore volume was calculated to be 0.07 m3/g. The final aspect of the analysis involved
an evaluation of tar production. Combining current and prior data showed a logarithmic relationship
between the amount of tar produced and the gasifier bed temperature, where the amount of tar
produced decreased with increasing bed temperature. This results in very low tar levels, which is
one of the known advantages for a double-stage downdraft gasifier over a single-stage system.

Keywords: biomass; gasification; biochar; tar; downdraft reactor; producer gas

1. Introduction

Today, 85% of the world’s energy demand is reached using conventional fossil fuel, which releases
56.6% of anthropogenic greenhouse gas emissions [1]. The development of renewable energy has
been the focus of attention for several decades, because of its promise of energy independence and
sustainability. A forecast in global demand predicts a 40% increase in energy demand around the world
by 2030, as average standards of living rise. This is especially true for areas such as Sub-Saharan Africa,
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where currently only 290 million of 915 million inhabitants have access to electricity [2]. It is clear that
different sustainable technologies have to be developed to achieve clean energy production. Biomass
gasification is one of the possible routes through which carbon-neutral energy can be produced.

Gasification is a process that converts organic carbonaceous materials at high temperatures into
a fuel gas containing carbon monoxide (CO), hydrogen (H2), methane (CH4), and carbon dioxide
(CO2) [3]. Produced gases, with high concentrations of CO and H2 from the gasifier, can be fed into
internal combustion engines for power production [4,5]. The syngas from the gasifier could be used for
different purposes, such as producing chemical products, especially when it contains a high percentage
of CO2 and CH4 [6]. The calorific value of the gas is dependent on the gasifying agent. The calorific
value of the gas using air ranges between 4–7 MJ Nm−3, while when gasifying with pure oxygen,
the heating value of the gas ranges between 12–28 MJ Nm−3 [4]. There are many useful products of
biomass gasification, including syngas, heat, power, biofuels, fertilizer, and biochar [4].

The application of gasification can be found in several projects around the world, ranging from
large industrial-scale projects (energy output in MW) to small-scale projects (in kW). Some examples
of large-scale projects are the Harboøre and Güssing plants in Denmark and Austria respectively [7].
Examples of small-scale downdraft gasifier commercial manufacturers include ALL Power Labs,
Entrade (both located in California), and Ankur gasifiers (based in India). According to the
International Energy Agency (IEA), there are a total of 141 gasification plants (114 operational, 14 on
hold and 13 under construction). Out of the 141 plants which produce syngas as their end product, 106
of the 141 are used for power production (about 356 MW electric power and 185 MW thermal power),
24 are for liquid fuel production, seven are used for gaseous fuel, and eight for chemical production as
end product [8].

There are three types of gasifiers: fixed bed, fluidized bed, and entrained flow gasifiers. Fixed bed
gasifier plants can produce up to 10 MW, and are classified as updraft (fuel enters from top, gasifying
agent from the bottom) and downdraft gasifiers (both fuel and a gasifying agent from the bottom) [4].
A tremendous advantage of using a downdraft gasifier is its ability to produce minimal amounts of tar.
Tar is one of the byproducts of gasification that is present in the gas, and it exits the gasifier in the form
of vapor. The presence of these tars (organic impurities) in the fuel gas is one of the main technical
barriers in biomass gasification [9–11]. With time, if not filtered, high amounts of tar may clog the fuel
supply system of an internal combustion engine. These tars can condense into a complex structure in
exit pipes and heat exchangers, which can lead to choking and attrition. This can lead to a decrease in
efficiency and a potential increase in cost process [10]. The amount of tar coming out from a gasifier
can be controlled through internal and external methods. The internal methods consist of limiting tar
production within a gasifier by using a catalyst (such as Fe2O3 and Al2O3) [12], or by improving the
gasifier operation [10]. The external methods consist of filtering the gas exiting the gasifier to reduce
tar [13]. This does not interfere with the process in the reactor, and as such, the quality of the product
gas is not affected. A combination of both internal and external methods can significantly reduce
tar production.

Previous studies by Bui et al. [14] suggest that double-stage downdraft gasifiers could produce up
to forty times less tar than a single-stage downdraft gasifier. Other studies done by Galindo et al. [15]
show that the low amount of tar in a double-stage downdraft gasifier is linked to the increase in
temperature in the pyrolysis and combustion zones.

Biochar (or charcoal) is a product of pyrolysis. Biochar has numerous benefits: it increases net
carbon sequestration, reduces N2O emissions from the soil, and increases soil fertilizer intake [16].
The surface area of the biochar is an important component, as it traps spores and bacteria [17], which
can allow increases in nutrient absorption by plants. One study found the surface areas of biochar vary
from 7–50 m2/g in a fluidized bed gasifier [18], while another found surface areas of up to 64 m2/g in
a downdraft gasifier [19]. Studies conducted by Qian et al. [20] show that the surface area increases
with an increase in Equivalence ratio.
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The double-stage downdraft gasifier at the Federal University of Itajubá (UNIFEI) which was
used in this experiment has an open top through which fuel can be fed. It has two air inlets through
the sides: one that is near the top (primary inlet), and the other at the oxidation zone (secondary inlet).
The main biomass tested here was Miscanthus, a perennial grass that can grow up to 3.5 m, and which
has a useful life of 15–20 years. It can grow on different types of soils, and is considered a potential
source of biofuel due to its high biomass yield [21]. The initial interest in testing Miscanthus briquettes
came from personnel at the University of Iowa (UI) power plant. By 2020, the goal of the UI power
plant is to replace 40% of the current coal usage with biomass. Although some papers discuss the
gasification of Miscanthus, both in fluidized-bed reactors that require biomass in powder form [22–28],
as well as in one-stage fixed-bed gasifiers [29–31], there is little work done regarding the gasification of
this biomass, just briquettes, in a downdraft gasifier with two air inlets.

Mathematical models such as Aspen plus, Kinetic rate models, Neural Network, and Equilibrium
models have been developed to give a good representation of the chemical and physical phenomena
occurring inside the reactor of a gasifier. In this paper, experimental gasification results were compared
with the ones of a chemical equilibrium model. In this model, results are independent of gasifier
design, and may be more suitable for process studies on the influence of the most important fuel
process parameters. At chemical equilibrium, a reacting system is at its most stable composition,
a condition achieved when the entropy of the system is maximized while its Gibbs free energy is
minimized [32–34].

While previous work by some of the current authors and other researchers have shown some
general trends for many biomasses of interest, this specific paper focuses on quantifying those trends.
This paper primarily explores the gasification of Miscanthus briquettes in a downdraft double-stage
reactor at equivalence ratios of 0.2, 0.35, and 0.4, and chemical modeling for equivalence ratios varying
from 0.2 to 0.4. This results in findings that, while not being directly broadly generalizable, provide
both insight and direction for how the key output quantities react to system variation. This provides
an important step in the quantification of syngas quality, biochar quality, and tar concentration.

2. Materials and Methods

2.1. Biomass

In recent years, the University of Iowa has been testing different types of biomasses to produce
electricity, and has been particularly interested in using Miscanthus as a potential fuel source.
According to the studies done by Wildom et al., high yielding Miscanthus could require 87% less land
to produce the same amount of yield as other low input biomasses [35]. This biomass has low water
and nutritional requirements, and can grow on barren land with little fertilization needed [36]. It has
also been shown that Miscanthus has a higher yield of up to 40 Mg/ha compared to other similar
grasses, such as Panicum Virgatum (switchgrass), which was found to produce 20 Mg/ha [37].

For this experiment, Miscanthus briquettes were obtained from Bripell, a local biomass supplier
located in Ipassu City, Brazil. The biomass briquettes, shown in Figure 1, had a diameter of 2 cm and a
length of 3 cm. These were tested in the downdraft double-stage gasifier. The biomass moisture and
heating values were measured in the Excellence group in Thermal power and distributed generation
(NEST), Itajuba, Brazil laboratory using a calorimeter pump IKA, (series C2000 which operated at
25 ◦C for seven minutes. The proximate and ultimate analyses of Miscanthus were determined
using a CHNSO analyzer from Perkin Elmer, series II 2400 (using the ASTM D5373-08 standard) and
a Themogravimetric analysis (TGA) from LECO Systems, ref LECO 701 (using the ASTM D 317x
standard). The results of the proximate and ultimate analyses can be seen in Table 1.
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Figure 1. Miscanthus Briquettes. 

Table 1. Proximate and ultimate analysis of Miscanthus (wt.%). 

Proximate analysis Ultimate analysis 
Moisture 11.6 % Carbon 48.6 % 

Volatile Matter 67.1% Hydrogen 6 % 
Fixed Carbon 16.9% Nitrogen 0.3 % 

Ash 4.4 Sulfur 0.1% 
Total 100.0% Oxygen 45.0 % 

LHV [MJ/kg] 16.3 Total 100% 

2.2. Double Air Stage Downdraft Gasifier  

The downdraft gasifier used in this experiment (seen in Figure 2) was designed and 
manufactured by Termoquip Renewable Energy, based in Campinas, São Paulo, Brazil. The gasifier 
is made of carbon steel material, and has a height of 1.06 m and an inner diameter of 0.3 m. This 
gasifier was primarily built to test wood and other carbonaceous materials to produce tar amounts 
of less than 35 mg/Nm3, and to limit particulate matter to less than 10 mg/Nm3 [38,39,7]. 

There are 6 K-type thermocouples placed on the inner wall of the gasifier. The approximate 
sensitivity of the thermocouples is 41 μV/°C. These thermocouples have been strategically placed on 
the inner wall of the reactor to avoid any interference with the flow of the biomass.  

Two vibration devices were installed: one at the top of the gasifier and the other at the bottom. 
This was done to ensure a homogenous distribution of the biomass within the system. The vibration 
device located at the bottom of the gasifier helps to discharge the ash produced. The cleaning system 
attached to the gasifier is comprised of a cyclone, a heat exchanger, and a bag that contains filters. A 
floating-drum gas storage recipient which absorbs the pressure variation in the producer gas is 
installed to maintain pressure throughout the gasifier [7]. 

Figure 1. Miscanthus Briquettes.

Table 1. Proximate and ultimate analysis of Miscanthus (wt.%).

Proximate Analysis Ultimate Analysis

Moisture 11.6% Carbon 48.6%
Volatile Matter 67.1% Hydrogen 6%
Fixed Carbon 16.9% Nitrogen 0.3%

Ash 4.4 Sulfur 0.1%
Total 100.0% Oxygen 45.0%

LHV (MJ/kg) 16.3 Total 100%

2.2. Double Air Stage Downdraft Gasifier

The downdraft gasifier used in this experiment (seen in Figure 2) was designed and manufactured
by Termoquip Renewable Energy, based in Campinas, São Paulo, Brazil. The gasifier is made of carbon
steel material, and has a height of 1.06 m and an inner diameter of 0.3 m. This gasifier was primarily
built to test wood and other carbonaceous materials to produce tar amounts of less than 35 mg/Nm3,
and to limit particulate matter to less than 10 mg/Nm3 [7,38,39].
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the operating conditions and outputs are recorded. The resulting biochar and tar are then collected. 
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controlled in this experiment. The following variables were measured: 

• The temperature in the different gasifier zones.  
• CO, CH4, and H2 concentrations of the producer gas using the gas analyzer systems: BINOS 100, 

and HYDROS 100 (Emerson Process Management, Hasselroth, Germany). The uncertainty of 
BINOS 100 is ±0.2%, while that of HYDROS 100 is ±0.01%  

• The syngas content for equivalence ratio between 0.2 to 0.45 
• The biochar surface area was analyzed using a Nova 4200 instrument and a Hitachi S-4800 SEM 
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• Tar was collected using a set of six impingers, five of which contain isopropanol at a temperature 
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maximized and its Gibbs free energy is minimized. However, this thermodynamic equilibrium may 
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Figure 2. Downdraft double-stage gasifier (a) and with thermocouples (b).

There are 6 K-type thermocouples placed on the inner wall of the gasifier. The approximate
sensitivity of the thermocouples is 41 µV/◦C. These thermocouples have been strategically placed on
the inner wall of the reactor to avoid any interference with the flow of the biomass.
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Two vibration devices were installed: one at the top of the gasifier and the other at the bottom.
This was done to ensure a homogenous distribution of the biomass within the system. The vibration
device located at the bottom of the gasifier helps to discharge the ash produced. The cleaning system
attached to the gasifier is comprised of a cyclone, a heat exchanger, and a bag that contains filters.
A floating-drum gas storage recipient which absorbs the pressure variation in the producer gas is
installed to maintain pressure throughout the gasifier [7].

2.3. Operational Procedures

Biomass gasification starts with preheating the bed by using an external burner. The reactor is
heated up to 250 ◦C (temperature at the combustion zone in the inner wall of the reactor). Once this
temperature is attained, air is fed into the gasifier. Quasi-stoichiometric combustion conditions (around
4 Nm3/kg) are adjusted, reaching a bed temperature (in the combustion zone) of around 800–850 ◦C.
Airflow values are obtained through flow measurement by an orifice plate and a control valve for each
stage. The total desired air flow was obtained using a combination of air entering in both the first
stage and second stage. The average total air flow was 24 Nm3 h−1. Once a steady state is attained, the
operating conditions and outputs are recorded. The resulting biochar and tar are then collected.

2.4. Experimental Planning

The total air flow and the air ratio (AR) between the primary and secondary stages were controlled
in this experiment. The following variables were measured:

• The temperature in the different gasifier zones.
• CO, CH4, and H2 concentrations of the producer gas using the gas analyzer systems: BINOS 100,

and HYDROS 100 (Emerson Process Management, Hasselroth, Germany). The uncertainty of
BINOS 100 is ±0.2%, while that of HYDROS 100 is ±0.01%

• The syngas content for equivalence ratio between 0.2 to 0.45
• The biochar surface area was analyzed using a Nova 4200 instrument and a Hitachi S-4800 SEM

instrument (Emerson Process Management, Hasselroth, Germany)
• Tar was collected using a set of six impingers, five of which contain isopropanol at a temperature

of less than 0 ◦C. The average tar collected at steady state and content is obtained in mg/Nm3.

3. Mass and Energy Balance

According to Ahmed et al. [32], the concept of chemical reaction equilibrium is based on the
second law of thermodynamics, as applied to a reaction system. Here, the species of the reaction system
no longer experience any net changes in concentration over time. As such, through the governing
equations that describe the behavior of this state, an equilibrium model can be formulated.

At chemical equilibrium, a reaction system is most stable when the entropy of the system is
maximized and its Gibbs free energy is minimized. However, this thermodynamic equilibrium may
not be achieved at relatively low operation temperatures [40]. As such, equilibrium models become an
important tool for predicting the highest gasification efficiency that can possibly be achieved for a given
feedstock. These equilibrium model simulations can be applied for different gasifier configurations
because they are independent of the gasifier’s design, and are not limited to the gasifier’s operating
conditions. There are mainly two equilibrium modeling approaches widely used to predict equilibrium
compositions of a product gas. Both models are based on the minimum value of the Gibbs free energy,
and are known as stoichiometric and non-stoichiometric models. The stoichiometric models are based
on equilibrium constants of a proposed set of reactions associated with Gibbs free energy change.
An algorithm based on the stoichiometric equilibrium model has been developed at SCILAB to predict
the results for a wide range of ER. These simulated results were compared with the experimental
results. In this paper, the stoichiometric model was used to analyze the gasification output, energy
conversion, and solid fuel efficiency.
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3.1. Model Formulation

The gasification model was developed based on stoichiometric equilibrium, also known as the
Gibbs free energy minimization method. The actual experimental data was used to validate the
developed thermodynamic equilibrium model. The model was used to investigate the performance of
the gasifier when it was operating with air, steam, and oxygen mixtures as gasifying fluids.

The global reaction in the downdraft gasifier can be written as:

Cx HyOzNwSv + αH2O + γH2Osteam + β(O2 + δN2)→ a1CO2 + a2CO + a3H2 + a4H2O+

a5CH4 + a6N2 + a7SO2 + a8H2S + tar
(1)

where x, y, and z are the number of atoms of hydrogen, oxygen, and nitrogen per number of atoms of
carbon in the feedstock, respectively. The molar moisture content of biomass is represented by α, and
steam molar content represented by γ. The molar quantity of air is represented by β, while δ represents
the molar amount of nitrogen contained in the air. For air gasification, δ assumes the typical value of
3.76, whereas the air is composed primarily of oxygen and nitrogen in the proportion of 79% nitrogen
and 21% oxygen. When gasifying with enriched air (100% oxygen), δ tends to zero.

Although the content of Sulphur in the fuel is less than 0.1%, it is an important component, as
Sulphur leads to H2S formation, which can cause corrosion and also act as a poison for synthetic
catalysts. Therefore, to avoid these undesired problems, these compounds have to be removed or
reduced to a certain required level prior to the end use of the product gas. In order to improve the
product gas quality and the overall gasification efficiency of the process, it is necessary to effectively
measure and reduce the formation of sulfur and tar during biomass gasification [41].

A downdraft gasifier has a high carbon conversion which results in low tar content in the producer
gas. Puig-Arnavat et al. [34] show a review on biomass gasification models which assumes that all
carbon is converted in the gasifier, and as such, the ash content can be neglected in the mass balance.
Further sections describe the model used in the present work [32].

Furthermore, according to Martinez et al. [7], two-stage configuration is considered as a primary
method to improve the quality of the producer gas by reducing its tar content. The air flow fed to
the gasifier and its distribution between stages can be controlled and measured. By varying these
variables, the results suggest that a reduction of the CH4 concentration in a double stage downdraft
gasifier is associated with the decreases of the tar content in the produced gas.

Zero-dimensional equilibrium models [42] are not affected by the geometry of the gasifier,
are similar from each other in terms of the premises and the gasification reactions involved, and
are a useful tool for preliminary comparison. For this reason, several attempts of modifications
have been proposed by many authors, such as the correction of the equilibrium constants, or the
quasi-equilibrium approach.

These models are useful to verify the influence of operational parameters on the produced gas,
and to estimate the gasification process. The equilibrium model developed is also able to predict
results for mixtures of steam and enriched air as gasifying fluids.

Making the stoichiometric balance for each element, a set of equations may be determined:
Carbon:

x = a1 + a2 + a5 (2)

Hydrogen:
y + 2α + 2β = 2a3 + 2a4 + 4a5 (3)

Oxygen:
z + α + γ + 2β = 2a1 + a2 + a4 + 2a7 (4)

Nitrogen:
w + 2δβ = 2a6 (5)
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Sulfur:
v = a7 (6)

and the sum of the molar ratios of the products:

a8 = a1 + a2 + a3 + a4 + a5 + a6 + a7 + a8 (7)

The equilibrium model assumes that all chemical reactions are in thermodynamic equilibrium,
and the main reactions involved are described below:

Water gas shift reaction:
CO + H2 O→ CO2 +H2 (8)

Metanation reaction:
C + 2H2 → CH4 (9)

Assuming that all reactions take place at atmospheric pressure and that all gases are ideal,
the general equation of the equilibrium constants can be written as a result of minimizing the
Gibbs equation:

Thus, the equilibrium constants k1 and k2 can be written as:

k1 =
a1a3

a2a4
= e−(gT,CO2

+gT,H2
−gT,CO−gT,H2O)/RT (10)

k2 =
a5

(a3)
2 = e−(gT,CH4

−2gT,H2)/RT (11)

where g(T, i) is defined as the Gibbs equation:

gT,i = hT − TsT

(
kJ

kmol

)
(12)

and the temperature equilibrium of the reactions can be determined by the first law of thermodynamics,
which can be written as a function of the enthalpy of the reagents and the reaction products:

∑
R

Nihir −∑
P

N f hip = 0 (13)

where hir is the formation enthalpy (kJ/kmol) of the reagents in the reference state (T0 = 298.15 K and
P0 = 1 atm), and hip is the formation enthalpy of products.

Specific heat, enthalpy, and entropy may be calculated as a function of temperature according
to Equations (15) and (16) [28,43]. The 7 polynomial coefficients, c1 to c7, can be used to calculate the
following functions:

cp = R
(

c1 + c2T + c3T2 + c4T3 + c5T4
) ( kJ

kmol K

)
(14)

h = R
(

c1T +
c2T2

2
+

c3T3

3
+

c4T4

4
+

c5T5

5
+ c6

) (
kJ

kmol

)
(15)

s = R
(

c1lnT + c2T +
c3T2

2
+

c4T3

3
+

c5T4

4
+ c7

) (
kJ

kmol K

)
(16)

Considering the stoichiometric combustion of biomass and the equivalence ratio (ER):

Cx HyOzNwSv + βstoich(O2 + δN2)

→ xCO2 +
y
2 H2O +

(w
2 + δβest

)
N2 + vSO2

(17)
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β can be determined through the oxygen balance:

βstoich = x +
y
4
− z

2
+ v (18)

The best performance parameters to validate the thermodynamic model for reactor operating
conditions are the gasification temperature and the dimensionless variable, Equivalence Ratio (ER).
Hence, the calculation of the equivalence ratio is as follows:

β = βstoichER (19)

The molar amount of moisture in the biomass can be defined as a function of molecular weight of
the biomass on a wet basis and moisture content (MC):

α =
MC·Mbio

MH2O(100−MC)
(20)

From the steam to biomass ratio (SB), which is defined as the ratio of the steam mass flow and
mass flow of dry biomass, it is possible to determine the amount of steam molar content:

γ =
SB
(

Mbio + αMH2O
)

MH2O
(21)

Finally, the value of δ from the oxygen content of the gasifying fluid:

δ =
100−OP

OP
(%) (22)

When gasifying with air, OP = 21% and the δ value assumes the value of 3.76. When gasifying
with 100% oxygen, δ tends to zero. The Equations 20, 21, and 22 where obtained from sources [44,45].

A nonlinear system, which has unknowns, i.e., molar ratios of the products a1 to a8, as well
as thermodynamic equilibrium temperature, is generated from the equations of mass balance and
equilibrium constants. The coefficients a1 through a8 are used for the energy equation solution, and
integration results in a polynomial equation of temperature.

To solve the nonlinear system and the temperature of the polynomial equation, the solve Scilab®

function was applied in an iterative process where the initial temperature is assumed.
From the thermodynamic tables, it is possible to determine the enthalpy of formation of the

components at the reference temperature 298 K as follows:
Enthalpy of vaporization of water:

hlv = 2258 (
kJ

kmol
) (23)

And the enthalpies of formation of the components:

h0
f CO2

= −393546 (
kJ

kmol
) (24)

h0
f CO

= −110541 (
kJ

kmol
) (25)

h0
f CH4

= −74831 (
kJ

kmol
) (26)

h0
f H2O l

= −285855 (
kJ

kmol
) (27)
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h0
f H2O g

= −241845 (
kJ

kmol
) (28)

h0
f N2

= 0 (29)

h0
f H2

= 0 (30)

h0
f SO2

= −296842 (
kJ

kmol
) (31)

h0
f NO

= 90297 (
kJ

kmol
) (32)

Fuel enthalpy for general solid fuel can be determined according to Equation (33) below [23]:

h0
f f uel

= LHVd, f +
1

M f uel
∑

j=prod
νjh0

f j
(33)

where LHVd, f is the low heat value of fuel in a dry basis.
The representative molar mass of the biomass is given by the components in its formula:

M f = ∑
j=prod

aj Mj (34)

The coefficient, aj, is determined from the ultimate analysis (wj, dry basis):

aj =
ωd,j

Mj
· MC
ωd,C

(35)

The two thermodynamic parameters usually applied to evaluate the gasification performance are
the syngas heating value and cold gas efficiency.

The cold gas efficiency of the gasifier is defined as the ratio between the produced gas energy and
the energy content of the biomass:

CGE =

a9RT0
P0

LHVgas

MbioLHVBio
(%) (36)

The useful gas power is obtained by taking producer gas flow, in kg/s, its specific mass, in kg/m3,
and its lower heating value, in kJ/Nm3, into account.

The producer gas lower heating value, in (kJ/(Nm3)), is calculated using the following equations:

LHVgas =
n

∑
i=1

(Yi ∗ LHVi) (37)

LHVgas =
126 ∗ vCO + 358 ∗ vCH4 + 108 ∗ vH2

1000
MJ

Nm3 (38)

where vCO, vCH4, and vH2 are CO, CH4, and H2 volumetric concentrations.

3.2. Model Validation

The model is validated using experimental data from Campoy et al. [46]. The comparisons were
for test cases with mixtures of steam and enriched air. Table 2 shows the different cases, with their
respective equivalence ratios, steam to biomass ratios (SB > 0), and enriched air fractions (OP > 0).

The ultimate analysis of the dry biomass employed by the authors is C = 50.76%, H = 5.92%,
O = 43.32%, and moisture = 6.3%. With these input data, simulations were carried out for the test
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conditions listed. “E” corresponds to experimental results, and “M” to the results obtained with the
model developed in this study.

As the model is designed for equilibrium conditions, the parameters that are most likely to
produce the appropriate conditions are those at a low ER and a low OP. Conditions that support high
temperature and quick combustion, such as high ER and/or high OP, will be furthest from equilibrium,
and should deviate most from model predictions. The cases closest to equilibrium parameters are 4, 5,
8, and 9 (highlighted). The model’s results are 2 to 2.6% RMS different from those of the experimental
results, which corresponds to a 10–20% difference in predicted value for each species.

A secondary effect is that the model has no tar production mechanism. This means that conditions
that produce a lot of tar will deviate from model predictions.

The root mean squared errors were calculated (RMS) for each test, and the amounts in the table
below by the expression below, where Ei values are the experimental values and Mi to the values
predicted by the mathematical model where N is the number of experiments as shown below:

RMS =

√
∑ (Ei −Mi)

2

N
(39)

Table 2. The comparison of predicted results with the experimental data from [46].

Run Gasification
Parameters CO H2 CO2 CH4 RMS

- ER SB OP E M E M E M E M -
1 0.35 0 21 15.80 24.57 8.70 17.03 15.10 9.68 5.10 2.08 6.08
2 0.33 0.22 21 15.40 19.30 11.90 19.26 15.90 13.96 4.80 3.27 3.89
3 0.33 0.45 21 13.80 14.46 13.30 20.12 17.00 17.56 4.60 4.12 3.09
4 0.27 0.23 21 15.00 17.62 14.00 18.90 16.20 16.67 4.70 6.46 2.64
5 0.27 0.43 21 11.90 12.96 16.20 19.67 18.60 20.12 5.30 7.28 1.97
6 0.36 0.32 30 18.90 24.24 16.40 24.20 17.60 15.42 5.50 2.00 4.63
7 0.35 0.60 30 15.70 18.18 18.30 25.70 18.80 19.93 5.70 3.24 3.74
8 0.25 0.31 30 20.80 21.40 20.00 24.53 15.80 19.30 6.70 7.38 2.60
9 0.24 0.58 30 15.30 14.39 22.30 25.24 20.30 24.66 7.10 9.29 2.61

10 0.38 0.33 35 20.00 26.57 17.50 25.38 16.80 16.06 5.60 1.55 4.97
11 0.34 0.56 35 17.50 21.06 21.80 27.89 18.00 20.24 6.10 3.31 3.61
12 0.27 0.31 35 23.90 24.86 22.40 27.06 12.60 18.35 7.30 5.74 3.46
13 0.26 0.63 35 19.30 16.57 25.10 28.10 16.20 24.53 7.40 7.76 4.24
14 0.32 0.10 40 27.40 35.26 18.30 26.84 16.20 12.23 7.30 2.31 5.94
15 0.33 0.29 40 25.10 25.54 23.10 28.37 13.70 16.15 6.50 2.58 3.23
16 0.35 0.36 40 23.90 27.93 22.30 28.29 14.60 17.24 6.70 2.23 4.08
17 0.32 0.54 40 20.20 22.85 24.50 29.89 16.70 20.97 6.90 3.92 3.67
18 0.33 0.57 40 19.30 22.51 25.70 29.87 17.00 21.15 6.70 3.61 3.44
19 0.26 0.30 40 28.50 26.84 25.70 28.57 9.20 18.68 8.10 6.18 4.66
20 0.24 0.56 40 23.50 18.70 27.50 29.33 14.60 24.81 7.70 8.75 5.22

- Average 3.89

The model predicts the amounts of H2 with good accuracy when gasifying with air. However,
it overestimates the content of H2 when gasifying with air and rich oxygen mixtures. Equilibrium
models from literature generally overestimate the hydrogen content [46,47].

4. Results

4.1. Gas Composition and Analysis

The average syngas contents, obtained at equivalence ratios of 0.2, 0.35, and 0.45, can be seen in
Table 3:
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Table 3. Syngas composition.

ER H2 % CO% CH4 %

0.2 11.2 10.97 1.03
0.35 18.68 20.29 0.86
0.45 17.07 19.43 1.22

Figure 3 shows the CO, CH4, and H2 concentration content at the equivalence ratio of 0.35.
The maximum average syngas content at 0.35 was found to be 20.29% CO, 18.68% H2, and 0.86% CH4.
These results agree with others from literature. The gas compositions obtained in the experiment are
similar to those in the gasification of Eucalyptus: 19.2% CO, 17.14% H2, and 1.3% CH4 [15]. Kallis et al.
carried out Miscanthus gasification on a downdraft gasifier with ER values between 0.27 and 0.30,
which yielded a syngas composition of 14.26% CO, 11.29% H2, and 1.93% CH4 [29]. The results from
Kallis et al. (obtained at ER = 0.28) show a smaller percentage in CO and H2, but a higher CH4

composition, when compared to our results. This difference could be due to the low ER used.
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Figure 4 shows the respective temperatures within the gasifier in a steady state. The measured
temperatures may not be precise due to the location of the thermocouples along the gasifier wall.
However, this gives a general idea of the temperatures in each zone. The drying and pyrolysis zones
correspond (in location) to the primary air inlet, while the combustion and reduction zones correspond
to the secondary air inlet.Energies 2018, 11, x FOR PEER REVIEW  12 of 24 
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As seen in Figure 4, the thermal equilibrium zone is much wider than the temperature profiles
obtained in a single stage gasifier such as those listed in [48,49], in which thermal equilibrium is much
smaller. Therefore, the thermal equilibrium zone in the second stage downdraft gasifier is wider and
more stable than a single-stage downdraft gasifier.

4.2. Comparison to Simulation Model

The developed equilibrium model [50] was applied to investigate the performance of the
double-stage downdraft gasifier. This model used the same conditions and parameters as those
of the experiment using air as the gasifying agent. The ER and the biomass composition were used to
predict the output gas quality. The simulation results of the producer gases with respect to ER and
temperature can be seen in Figure 5:
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Figure 5. Gas concentration with respect to Equivalence ratio and temperature.

It can be seen that most of the experimental points are closer to simulation lines. From the
comparison, one can see that the CO and H2 concentrations peaked at ER = 0.35, which was consistent
with the experimental results. We can also see the experimental and simulation results are closer at an
ER of 0.45.

4.3. Performance of Variables

• Biomass consumption

The amount of biomass consumed in a system every hour is highly dependent on the equivalence
ratio of the system [7,39]. The biomass consumption in this experiment was, on average, 14 kg/h, with
an average airflow of 24 Nm3/h.

Figure 6 shows the gas LHV with respect to ER. It was observed that the LHV of the gas decreased
with an increase in ER. At an equivalence ratio of 0.35, the LHV was calculated to be approximately
5.5 MJ/Nm3, which corresponds to the experimental value.
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• Gas Yield and Cold Gas Efficiency

When plotting the cold gas efficiency with respect to the ER, one can see that an increase in ER
leads to an increase in gas yield. This also agrees with other the experimental studies, such as the
one carried out by Kallis et al. [29]. The gas yield, at an ER of 0.35, was calculated to be 3 Nm3/kg of
biomass. The plot of the cold gas efficiency with respect to the ER is shown in Figure 7.
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4.4. Biochar

• BET biochar analysis

The BET analysis provides a precise surface evaluation of a material by using a gas multilayer
adsorption. A Nova 4200 instrument was used to calculate the surface area of the biochar using a
nitrogen adsorption method. A degassing temperature of 150 ◦C was used for a time period of 10 h.
The surface area of Miscanthus biochar was 186.06 m2/g. Experiments carried out by Cetin et al. [51]
found that surface areas of other biochar, such as pine char, range from 236 to 296 m2/g. Other studies
also showed biochar with a surface area of 141 m2/g to increase water retention and reduce toxic
pollutants in fields, such as mines [52].

The Micro-pore volume of the Miscanthus biochar from the double stage downdraft gasifier
was calculated using the Dubinin-Radushkevich equation [53]. The biochar was found to have a
micro-pore volume of 0.07 cm3/g. When comparing to other studies [54–58], as seen in Figure 8,
we see that miscanthus biochar falls in the medium porous region. The biochar with a surface area
between 0–100 m2/g with a micro pore volume between 0–0.05 cm3/g can be considered to be a low
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porous region, while those with a surface area of greater than 400 m2/g (mostly activated carbon) with
micro-pore greater than 0.15 can be considered to be in higher porosity region.
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Figure 8. Relationship between Biochar surface area and Micropore volume. SA = Surface Area and
MV = Micro pore Volume.

Temperature is one of the parameters that affects the surface of the biochar. There are many
studies done which look into the general behavior of temperature and biochar surface area. The general
trends reported by Lehman et al. [59] as plotted in Figure 9a, show that in thermal pyrolysis conditions,
the surface area peaks at around 400 m2/g. For gasification studies in Figure 9b [60–62], where air was
used to provide significant heat to the system, the air significantly reduces the porosity at 700 degrees
Celsius to a 100 m2/g. Our data point fills the part of the gap where the biochar temperature is
800 degrees and the data at 950 has a higher porosity, as seen in Figure 9b. We see a keen sensitivity
to temperature, and that there is a high porosity with significant oxygen and at high temperatures.
What is surprising is that at 650 degrees, the amount of porosity reduces significantly.

Although these graphs do not fully contain data from all the studies, they show that a quantifiable
relationship can be inferred to predict the surface area of biochar at varying temperatures.

To better understand the outer surface structure of the char produced, a scanning electron
microscope (SEM) (Hitachi S-4800) was used.

As seen in Figure 10, under a magnification of ×500 (at 100 µm), little or no pores could be
observed on fresh Miscanthus; rather, the biomass appeared to be made up of solid cells strongly
bonded together. However, once the biomass underwent the process of gasification, different sizes
of pore openings could be observed under the same magnification, as seen in Figure 11, where the
cells appeared to be loosely bound. These pores on the surface may be the result of high temperatures
within the gasifier. The high temperature in the gasifier leads to the weakening of the cell structure of
the biomass [24,51].
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Figures 12 and 13 represent the SEM images of Miscanthus biochar at different locations under a
higher magnification of ×1 k at 50 µm. It was observed that the pore sizes on the Miscanthus biochar
ranged from 2 to 30 µm.
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The pores on the surface may explain why biochar acts as a useful soil amendment. The pores on
the surface of the biochar may enable an increase in nutrient absorption in the soil.

4.5. Tar Analysis

To capture the tar, the solid particles from the gas were filtered using a heated particulate filter at
300 ◦C (module 1), and tar was captured using five of the six impingers which contained isopropanol
(module 2) as shown in Figure 14. A pump was used to extract the gas. The gas flow rate and
temperature were monitored. The sample gas was passed through for an hour at a steady state.
The temperature of the isopropanol was kept under 0 ◦C by using a mixture of salt and water. The cold
temperature condensed the tar, which was present in vapor form in the producer gas. The average
amount of tar present after particulate filtering was calculated to be 14.95 mg/Nm3. This is a popular
method of capturing tar [63].

One of the key parameters that affects the amount of tar produced is temperature. In previous
studies done by Galindo et al. [15], it was observed that an increase in temperature in the combustion
zone leads to a significant decrease in tar content. Figure 15 shows a logarithmic relationship between
temperature and tar production.
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The following equations can be obtained:

Tar concentration (g/Nm3) = e−7.836 ln (T)+56.14 (40)

which can be reduced to:

Tar concentration (g/Nm3) =
3.49718× 1024

T7.836 (41)

where T is the temperature in ◦C in the combustion zone.
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According to a study done by Basu, the limits of allowed tar content in producer gas for a gas
turbine operation range from 0.05 to 5 mg/Nm3 [3], while internal combustion engines are limited
to 50–100 mg/Nm3 [12]. Tars can condense in an internal combustion engine which can lead, in the
long run, to damage in internal combustion engines [9]. The tar content from this study is relatively
lower than the limits for a gas turbine and internal engine. As such, the syngas from the gasifier can
go through minimal cleanup before been inserted to an internal combustion engine. This, in practice,
could save some financial costs when converting syngas to other forms of energy.

5. Conclusions

From this study, it can be concluded that the optimum ER at which Miscanthus briquettes can
be gasified in a double-stage downdraft gasifier is 0.35. This ER produced the highest content of CO
and H2 at 20.29% CO and 18.68% H2, which yielded the maximum syngas heating value content
of 5.5 MJ/Nm3, and was compared to gasification model. The model was developed based on
stoichiometric equilibrium, also known as the Gibbs free energy minimization method. The Root mean
square value between the experimental and simulation data was found to be 3.89. The discrepancy
between actual and simulated results could be attributed to certain assumptions that were made in the
model, such as the absence of tar, and that all gases involved were considered to be ideal, i.e., with
no residue. The model also showed that the heating value decreased with increasing ER, and that
hydrogen production peaked at ER = 0.37, while methane (CH4) production became negligible above
ER = 0.42.

The surface area of Miscanthus biochar from the double stage downdraft gasifier was found to be
186.06 m2/g, and volume pore surface area was calculated to be 0.07 cm3/g. We found that the biochar
from the double stage gasifier could be considered to fall within a medium porosity area, while those
with higher volume and surface area such as activated biochar may be categorized as having a high
porosity area. The structure of the biochar was also studied and the pores were examined. These pores,
once immersed in the solid, absorb nutrients which enables plants to grow. By comparing our biochar
data with those of other authors, we find that the biochar’s volume pore increases with an increase in
surface area. A relationship between biochar properties and the temperature was also found. With
reference to other studies, a predictive model could be used to approximate the surface area of biochar.
Further studies on a specific gasifier would have to be done to fully validate this model. The average
amount of tar present after particulate filtering was calculated to be 14.95 mg/Nm3. The amount
of tar produced in a downdraft gasifier is much lower than the single stage gasifier. We see that a
relationship between temperature and tar can be obtained, and can be used to predict the amount of
tar formed. Similarly, if one could find a relationship between syngas content, biochar production, and
tar, this would help to optimize the double-stage downdraft gasifier system.
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Nomenclature

A Ash content (%)
A/F Air Fuel
a1 . . . a8 Stoichiometric coefficients of gasification products reaction
C Carbon
c Specific Heat (kJ/kgK)
CGE Cold gas efficiency (%)
c1 . . . c7 Burcat polynomial coefficients
ER Equivalence ratio
g Gibbs Equation (kJ/kmol)
h Specific enthalpy (kJ/kg)
H Hydrogen
h0

f Formation enthalpy (kJ/kmol)
k Equilibrium constant
m Mass (kg)
M Molecular mass (kg/kmol)
MC Biomass moisture-umid basis%
N Nitrogen
OP Oxygen concentration (%)
O Oxygen
HV Heat Value (kJ/kg)
LHV Low heat value (kJ/kg)
HHV High heat value (kJ/kg)
SB Steam biomass ratio
S Sulfur %
s Specific entropy (kJ/kgK)
v Number of sulfur atoms contained in biomass
x Number of carbon atoms contained in biomass
x Molar fraction
X1 . . . Xn Stoichiometric coefficients
y Number of hydrogen atoms contained in biomass
Y Gas yield (kg gás/kg biomass)
w Number of nitrogen atoms contained in biomass
z Number of oxygen atoms contained in biomass
Subscripts
db dry basis
bio biomass
drybio dry biomass
c combustion
c carbon
stoich stoichiometric
c cold
g gas
g gasification
h hydrogen
i component
j product
l líquid
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lv líquid vapor
m mass
n nitrogen
o oxygen
piro pyrolysis
p constant pressure
p product
r reagent
s solid
s sulfur
T temperature
w wet
v vapor, volumetric
v stoichiometric coefficient for sulfur
x stoichiometric coefficient for carbon
y stoichiometric coefficient for hydrogen
z stoichiometric coefficient for oxygen
w stoichiometric coefficient for nitrogen
Greek letters
α Molar content of moisture biomass
β Air molar content
γ Molar content of water vapor
δ Nitrogen molar content
ν Matrix of stoichiometric coefficients
ω Percentage in elementary analysis (%)
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