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Abstract
Co-production of bio-char and syngas by gasification is a promising way for biomass comprehensive utilization. In this work, 
mainly two co-products from pinewood pellet gasification, namely bio-char and syngas were studied on a downdraft reactor. 
Based on the experiment, a detailed kinetic gasification model was built by Aspen Plus. The influence of temperature, ER, 
and steam amount was studied. Results of the pyrolysis stage show that bio-char yield during pyrolysis was about 22.8%wt 
and the initial pore structure was formed with a BET surface area of 36.8  m2/g. The main pyrolysis tar compounds detected 
by GC/MS were furfural and phenols. The gasification stage results show that  H2 concentration reached the maximum of 
18.62%vol at ER = 0.3. The maximum concentration of CO was 16.2%vol at ER = 0.25. The syngas yield increased with ER 
value. At low ER of 0.15, the syngas yield was 1.22  Nm3/kg and increased to 2.26  Nm3/kg at ER of 0.4. The carbon conver-
sion ratio also increased with ER value. When ER = 0.4, the highest carbon conversion ratio reached 91.7%. The bio-char 
at gasifier outlet was a kind of highly carbonized material and the carbon content was 82.5%wt. During gasification, pore 
structure of bio-char was enlarged and the BET-specific surface area was about 215  m2/g. Modeling results show that by 
adjusting the gasification parameters, such as temperature, air equivalent ratio, and steam amount, the product distribution in 
the gasifier outlet could be effectively controlled. Mass and energy balance evaluation for the downdraft gasification system 
indicates that the pyrolysis stage and reduction stage are endothermic processes, which adsorb heat of 2.47 kW (Q1) and 
2.44 kW (Q2) respectively from the partial oxidation stage. Partial oxidation stage acts as the heat source of the gasifier.
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1 Introduction

Biomass is an important renewable resource, which has been 
used for thousands of years. Traditional biomass utilization 
methods, such as direct combustion, have low utilization 
rate and serious pollution. Advanced biomass utilization 
technologies, including pyrolysis for oil production, gasi-
fication, and carbonization, could convert biomass into a 
variety of highly valuable products, such as bio-oil, syngas, 
and bio-char [1]. Among them, biomass gasification technol-
ogy uses/employs gasification agents, such as air, oxygen, 
or steam, to convert biomass feedstock into syngas (mainly 

CO and  H2). Syngas is cleaner and can be used for power 
generation as well as production of chemical products [2]. 
The traditional biomass gasification technology is faced with 
the problems of low gasification efficiency [3] and high tar 
content [4]. So the large-scaled commercial application of 
biomass gasification still has a great bottleneck.

Bio-char is usually obtained by pyrolysis and gasifica-
tion of biomass at high temperature. It is a porous struc-
ture material with large specific surface area and abundant 
surface functional groups [5]. After further treatment, it 
can be used as activated carbon and organic fertilizer, etc., 
which has higher application value. Conventional bio-char 
production methods include slow pyrolysis, carbonization, 
hydrothermal pyrolysis, and microwave pyrolysis [6]. The 
physical and chemical properties of bio-char depend on 
the type of raw materials and the carbonization conditions, 
including temperature, carbonization time, reaction atmos-
phere, and heating rate [7]. The target product of traditional 
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carbonization technology is bio-char, but the utilization of 
carbonization by-products, such as dry distillation gas and 
bio-oil, has not been fully treated, which causes pollution 
and waste of energy [6]. In addition, the traditional biomass 
gasification technology targets syngas and does not effec-
tively utilize bio-char and other by-products of the gasifica-
tion process.

Therefore, the use of biomass gasification technology, 
through adjusting the gasification reaction conditions for co-
production of bio-char and syngas, could achieve the maxi-
mum economic benefit and effectively promote the industrial 
application of biomass gasification technology. Gasification 
polygeneration refers to the reaction of biomass with gasi-
fication agent at high temperature to produce bio-char, syn-
gas, and bio-oil [8, 9]. However, at present, more studies are 
focused on individual bio-char or syngas production, while 
there are few studies on bio-char and syngas co-production. 
How to achieve efficient bio-char and syngas co-production 
and obtain comprehensive economic benefits through the 
regulation of reaction conditions in the gasification process 
is the key question.

On the other hand, the process of energy absorption and 
release in each stage of fixed bed gasification system has an 
important influence on the operation and control of gasifier. 
This effect is reflected in the temperature distribution charac-
teristics at each stage of the gasifier. Generally speaking, the 
drying, pyrolysis, and gasification processes of biomass are 
endothermic reactions, while the partial oxidation processes 
are strongly exothermic reactions. How to adjust the heat at 
each stage to achieve the energy balance in the gasification 
process is of great significance in the process of cogenera-
tion of bio-char and syngas. However, few studies in this 
field have been reported.

Modeling methods, including computational fluid dynam-
icsis (CFD), thermodynamic equilibrium model and artifi-
cial neural network (ANN) model, are effective approaches 
for evaluating biomass gasification process. Among them, 
Aspen Plus adopts thermodynamic or kinetic models, which 
can carry out detailed analysis on each stage of biomass gas-
ification and obtain the distribution of product and energy 
flow in each stage. It has been widely used in the field of bio-
mass gasification. Vikram et al. [10] employed Aspen Plus 
to study the steam-CO2 gasification of biomass. The Aspen 
Plus method was proved to be useful for thermodynamic 
analysis and parametric optimization of biomass gasification 
system. Pala et al. [11] studied steam gasification of biomass 
using Aspen Plus model for syngas adjustment. The devel-
oped model was based on Gibbs free energy minimization 
applying the restricted equilibrium method. However, using 
Aspen plus for modeling of co-production of bio-char and 
syngas in fixed gasifier has not been considered. In addi-
tion to assessing the distribution of gasification products, 
Aspen Plus model can also evaluate the energy balance of 

the system. Shang et al. [6] conducted theoretical study of 
activated carbon production via a two-step carbonization-
activation process based on Aspen Plus calculation. The 
theoretical results showed that utilization of the heat duty 
of combustion of volatiles and sensible heat from flue gas 
could supply the necessary energy for carbonization, steam 
generator (boiler), and activation reactors. However, the 
evaluation of the energy distribution among different stages 
of gasification system has rarely been reported. The com-
prehensive evaluation for gasification products as well as 
energy balance during co-production of syngas and bio-char 
has never been reported.

In this paper, the downdraft fixed bed reactor is used 
for co-production of bio-char and syngas through gasifica-
tion technology. By adjusting the gasification conditions, 
such as temperature and gasification agent, the yield and 
characteristics of syngas and bio-char are adjusted, and the 
parameters for the preparation of bio-char and syngas are 
adjusted. Based on the experimental results, the Aspen Plus 
software was used to model and simulate the process of bio-
char and syngas co-production. The influence of reaction 
conditions on product distribution of bio-char and syngas 
was studied. Furthermore, the energy balance during each 
stage in the downdraft gasifier was evaluated. This work will 
provide theoretical support for the industrial application of 
co-production via biomass gasification.

2  Experimental and modeling methodology

2.1  The experimental apparatus and methods

In this work, the pinewood pellet was used as the biomass 
material for co-production experiment. Pinewood pellets 
were produced from pinewood sawdust using a pelletizer. 
The sawdust was collected from Shanxi province, China. 
The pellet diameter was about 5 mm.

The gasification experiments were conducted on a bench-
scaled downdraft gasifier, as shown in Fig. 1.

The diameter of the furnace is 100 mm, which is made of 
304 stainless steel. The accumulation height of the fuel bed 
is about 600–800 mm. The thickness of the external ther-
mal insulation layer of the furnace body is about 150 mm. 
Electric heating is used outside the furnace body to preheat 
and start the gasification process. Electric heating system 
was composed of three stages, which is corresponding to 
pyrolysis, oxidation and reduction zone. The pyrolysis stage 
was controlled at 500 ℃. When the gasification temperature 
reaches the set value and can be self-sustained, electric heat-
ing is stopped. The feeding rate of pinewood pellet was con-
trolled as 5 kg/h by a feeding valve. The feeding valve adopts 
multi-bin body design. Its purpose is on the one hand for 
feeding, on the other hand can prevent air from leaking into 



5389Biomass Conversion and Biorefinery (2024) 14:5387–5398 

1 3

the gasifier. Air was chosen as the gasification agent, which 
was supplied from the top of the gasifier. The ash/bio-char 
was discharged by a moving grate. The discharged bio-char 
was stored in a stainless-steel tank and cooled to room tem-
perature with nitrogen sweeping, which prevented oxidation 
by air. Syngas was purified, cooled, and then analyzed by a 
flue gas analyzer. A total of four gaseous species, namely  H2, 
CO,  CO2, and  CH4 were analyzed. The tar sample was col-
lected by cold solvent trapping method [12, 13] and organic 
compounds were analyzed by GC/MS. The pore structure of 
the bio-char was analyzed on physical adsorption analyzer 
(Micromeritics, TriStar II Plus Series) [14].

2.2  The Aspen Plus model building

Based on the experimental results, the co-production of syn-
gas and bio-char model was built on Aspen Plus platform. 
The model is mainly composed of four main stages: the 
drying and pyrolysis stage, the partial oxidation stage, the 
reduction stage, and separator stage. The detailed modules 
used in the co-production system are summarized in Fig. 2 
as follows.

The nonconventional biomass feed components are first 
dried and decomposed in the RYIELD block, which is 
used to model the pyrolysis stage [11, 15]. In this block, 
the nonconventional biomass feedstock is decomposed into 
bio-char, moisture, gaseous compounds, and typical tar com-
pounds. The pyrolysis production distribution was obtained 

from pyrolysis experiments. The volatiles were fed into a 
partial oxidation stage (POX). In this stage, the volatiles 
mix with air and oxidation reactions play a major role, which 
produces a high temperature zone [16, 17]. At high tempera-
ture, the chemical reaction rapidly approaches equilibrium. 
Therefore, the partial oxidation stage is modeled by a RGi-
bbs block. In addition, the reactions between volatiles and 
air are homogenous reactions, which are much faster than 
heterogenous reactions. Therefore, the heterogenous oxida-
tion between bio-char and air were ignored in this work. The 
flue gas as well as bio-char was fed into the reduction stage, 
in which the bio-char is gasified and syngas is produced. By 
controlling the air and steam amount, the degree of gasifica-
tion reaction can be controlled, and then the proportion of 
syngas and bio-char can be adjusted. At the gasifier outlet, 
bio-char and syngas are separated and collected, which is 
simulated by a SEP block.

The connection and flow sheet of the co-production sys-
tem are shown in Fig. 3.

With regard to the co-production system, the energy bal-
ance was also taken into consideration. In general, pyroly-
sis and reduction are endothermic processes, which need 
external heat supply. On the contrary, the partial oxidation 
stage is an exothermic process, which acts as a heat source 
for the system.

In order to simplify the reaction process and obtain rea-
sonable results, the basic assumptions of the model are as 
follows:

Fig. 1  The schematic diagram 
of the downdraft gasifier system
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 I. The pyrolysis reaction was simulated by Ryield mod-
ule. Pyrolysis products include gases, water, tar, and 
coke. The gas composition includes CO,  CO2,  H2, 
 CH4, and  N2. The pyrolysis reaction was summarized 
as follow:

 II. Two model tar compounds were used to represent 
pyrolysis tar mixture, namely furfural and phenol. 
Naphthalene, benzene, and toluene were considered 
during the gasification process and were included in 
the products [18].

Biomass → 0.2182 H
2
O + 0.1301 Tar + 0.228 bio

−char + 0.4226 Gas (R1)

 III. The bio-char was considered as the mixture of ash 
and carbon. Hydrogen and oxygen were not consid-
ered as the composition of bio-char.

 IV. The heat dissipation loss of the system is not consid-
ered.

 V. The gasification stage was simulated by reaction 
kinetic mechanism, which is composed of both 
homogenous and heterogenous reactions. The 
detailed reactions and kinetic parameters are sum-
marized in Table 1 as follows:

Fig. 2  The detailed modules 
used in the co-production 
system

Fig. 3  The Aspen Plus flow sheets for the co-production of syngas and bio-char by gasification
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3  Results and discussion

3.1  The pyrolysis product analysis

The proximate analysis was analyzed on a muffle furnace 
based on the Chinese National Standard GB/T 28,731–2012 
[23]. The ultimate analysis was conducted on the elemental 
analyzer. The results are shown in Table 2 as follows.

In the gasifier, the pyrolysis is the first stage during bio-
mass gasification. During pyrolysis, the raw biomass was 
decomposed into moisture, gas, tar, and bio-char. Further-
more, the pyrolysis products are mixed with air or oxygen 
in the partial oxidation zone to release heat and form a hot 
zone. The pyrolysis bio-char is further gasified by  CO2/
H2O to produce syngas. Therefore, the initial pyrolysis 
stage is crucial for the operation of the gasifier. It is neces-
sary to evaluate the product distribution in pyrolysis stage.

Firstly, the pyrolysis products of pinewood pellet were 
analyzed on the fixed bed reactor. The furnace was heated 
from room temperature to 500 ℃ at heating rate of 10 ℃/min 
and maintained at 500 ℃ for 10 min. No gasification agent 
(air or steam) was supplied.  N2 was used as the carrier gas to 
drive the gaseous products and tar compounds to the outlet 
of the reactor. When pyrolysis reaction finished, the bio-char 
sample was cooled down to temperature lower than 50℃. 
The gaseous compounds, tar and bio-char were sampled and 
analyzed. The results are summarized in Table 3 as follows.

A total of four gaseous species, namely  H2, CO,  CO2, and 
 CH4 were analyzed. In the pyrolysis process, besides these 
four gases, there are also hydrocarbons such as ethylene and 
ethane, the production of which are relatively small [24]. 
Therefore, all small molecule hydrocarbons are converted 
to methane here. The mass yields of gaseous species were 
calculated based on the  N2 concentration in the product gas. 
The mass of  N2 was obtained by multiplication of gas flow 
rate and concentration. The yield of water was calculated by 

difference. The yields of bio-char and tar were about 22.8%wt 
and 13.01%wt, respectively. The initial pore structure was 
formed in the bio-char by the release of volatiles and the 
BET-specific surface area of bio-char was about 36.8  m2/g.

The main compounds of the pyrolysis tar analyzed by 
GC/MS are summarized in Table 4 as follows.

As shown in Table 4, the top ten typical tar compounds 
with the highest relative concentration (peak area) were 
identified by GC/MS. Furfural, 2-Furanmethanol, Levo-
glucosenone, and 1,2-Cyclopentanedione are typical 
pyrolysis products of cellulose and hemicellulose, which 
are non-aromatic compounds [25]. The most abundant 
compounds are phenol and its derivative, namely phenolic 
compounds. As shown in Table 4, the relative of phenol 
is about 15.32%. Phenolic components are mainly derived 
from the pyrolysis of lignin, which is composed of three 
typical phenolic monomers [26]. Besides the above com-
pounds, formic acid, acetic acid, aldehydes, and ketones 
are also largely produced during pinewood pyrolysis [27]. 
However, due to the small molecular weight of these prod-
ucts, they were covered by solvent peaks in GC/MS detec-
tion and were not analyzed. Based on the above analysis, 
the phenol and furfural were used as the model tar com-
pounds during the Aspen Plus modeling.

Table 1  The reactions and 
kinetic parameters used in 
gasification model [19–22]

No Style Reactions A  (s−1) E (J/kmol) ∆H (kJ/mol)

R2 Water gas reaction C +  H2O = CO +  H2 200,000 5.00E + 07  + 132
R3 Boudouard C +  CO2 = 2CO 4364 2.98E + 08  + 173
R4 Water–gas shift CO +  H2O =  CO2 +  H2 0.05824 32,840  − 41
R5 Methanation C +  2H2 =  CH4 0.004189 19,210  − 87
R6 Steam methane reforming CH4 +  H2O = CO +  3H2 0.07301 36,150  + 206

Table 2  Proximate and ultimate 
analysis of pinewood pellet

a Dry basis; bAs received basis

Ultimate  analysisa (wt%) Proximate  analysisb (wt%)

C H O N S Ash M VM FC

49.8 6.03 42.86 0.21 0 1.1 10.8 69.8 18.3

Table 3  The pyrolysis product distribution of pinewood pellet at 
500℃

Product Weight % Gaseous compounds Weight%

Gas 42.26 H2 2.37
Water 21.82 CH4 6.68
Tar 13.01 CO 14.07
Bio-char 22.8 CO2 19.14
Total 100 BET of bio-char  (m2/g) 36.8
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3.2  The gasification products analysis

Next, the gasification experiments of pinewood pellet were 
conducted in the pilot reactor. The equivalence ratio (ER) 
of air was chosen as the adjusting parameter, which varied 
from 0.15 to 0.4. The syngas gas yield, composition, and tar 
yield in the outlet of the reactor were measured. Based on 
the results, the carbon conversion ratio was calculated. The 
results are summarized in Table 5 as follows.

As shown in Table 5, it can be seen that with the increasing 
of ER (0.15–0.4), the concentration of  CH4 decreased from 
7.23 to 1.62%vol, which is attributed to the thermal decom-
position and oxidation reactions. CO and  H2 are two primary 
species of syngas. The yields of CO and  H2 first increased 
and then decreased with the increasing of ER. At ER = 0.3, 
the concentration of  H2 reached the maximum of 18.62%. 
The result is consistent with the conclusion of M. Formica 
[28]. The maximum concentration of CO was 16.2%vol at 
ER = 0.25. Too much air would consume CO and  H2, which 
benefited the yield of  CO2. Cirillo et al. [29] also arrived 
at similar conclusion. The syngas yield increased with ER 
value. At low ER of 0.15, the syngas yield was 1.22  Nm3/
kg and increased to 2.26  Nm3/kg at ER of 0.4. The carbon 
conversion ratio also increased with ER value. The highest 

carbon conversion ratio of 91.7% is reached when ER = 0.4. 
On the contrary, the gasification tar yield decreased rapidly 
with the increase of ER. The partial oxidation enhanced the 
tar decomposition in gasifier [30, 31]. The conversion char-
acteristics of tar in the gasification process are similar to that 
of methane. With the increase of oxygen, its oxidative decom-
position degree was strengthened; therefore, its concentration 
decreased. The tar samples are shown in Fig. 4 as follows.

The gasification char at the outlet of the gasifier was collected 
and analyzed. The elemental analysis, proximate analysis, and 
pore structure were analyzed. The detailed information of bio-char 
sample derived at ER = 0.3 is summarized in Table 6 as follows.

It can be seen that compared with raw pinewood material, 
bio-char produced in gasification is a kind of highly carbon-
ized material. The carbon content is 82.5% wt, while the 
hydrogen and oxygen content decrease to 15.8% and 1.2% 
respectively. Almost all volatiles have been released dur-
ing pyrolysis and gasification, with only 2.4%wt remaining. 
Most of ash is enriched in bio-char, and its content is up 
to 13.6%wt. During gasification, the bio-char reacted with 
gasification agents  (H2O and  CO2) and the pore structure 
was enlarged. The BET-specific surface area is about 215 
 m2/g. Therefore, this kind of bio-char could be further acti-
vated to produce activated carbon with largely BET surface 

Table 4  The GC/MS results of 
the pyrolysis tar compounds 
(500℃)

a Calculated by the peak area of each compound

R.T./min Tar compounds Molecular weight 
(M.W.)

Relative 
 concentrationa

%

2.38 Furfural 96 3.16
2.82 2-Furanmethanol 98 4.26
5.82 1,2-Cyclopentanedione 98 2.32
7.32 Phenol 96 15.32
9.06 Phenol, 2-methyl- 108 2.12
10.26 Phenol, 2-methoxy- 124 3.28
12.64 Levoglucosenone 126 1.16
13.58 Phenol, 2-methoxy-4-methyl- 138 3.16
16.68 Eugenol 164 1.58
17.82 Vanillin 152 1.92

Table 5  The gasification results 
of different operation conditions

Samples ER Syngas composition(%vol) Syngas yield 
 (Nm3/kg)

Carbon conver-
sion ratio (%)

Tar yield 
(mg/kg)

H2 CH4 CO CO2

1 0.15 10.2 7.23 12.32 14.85 1.22 51.21 2560
2 0.2 15.6 4.52 14.5 15.6 1.52 63.67 820
3 0.25 17.8 3.22 16.2 15.8 1.75 74.43 320
4 0.3 18.62 2.32 15.62 16.82 1.98 83.09 224
5 0.4 16.36 1.62 14.33 17.68 2.26 91.7 178
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area, which is much more valuable acting as an absorbent 
material. The appearance and SEM results of different char 
samples are shown in Fig. 5 as follows.

Maneerung et al. [32] also reported that the BET surface area 
of bio-char residue derived at the outlet of gasifier was 172.24 
 m2/g. The bio-char residue could be further activated by steam to 
produce activated carbon with BET surface area of 776.24  m2/g.

3.3  The performance validation of the Aspen Plus 
gasification model

Next, the Aspen Plus model was validated by the experi-
ment. The reaction temperature of pyrolysis and partial oxi-
dation stages are set as 500 ℃ and 1000 ℃ respectively. 

Fig. 4  a–e The tar samples 
under different conditions

Table 6  The gasification bio-char properties (ER = 0.3)

Elemental analysis (wt%) Pore structure

  C H O N S BET  (m2/g)
  82.5 1.2 15.8 0.5 0 215

Proximate analysis (wt%)
  Ash Mois-

ture
Vola-

tile
Fixed 

carbon
Pore volume  (cm3/g)

  13.6 1.2 2.4 82.8 0.146

Fig. 5  a–d The appearance and 
SEM results of bio-char samples
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The gasification stage temperature was controlled as 800 ℃ 
according to experimental data. The ER value was chosen 
as 0.3. The comparison of experimental and modeling is 
summarized in Table 7 as follows:

There are overestimate for the yield of  H2, CO, and 
 CH4, while the concentration of  CO2 was underesti-
mated. The largest relative deviation appears for the 
methane concentration, which is 58.19%. The reason is 
that the concentration of methane was much lower than 
other three species. The relative deviation of methane 
prediction is large. But compared with the thermody-
namic equilibrium model, the prediction error of meth-
ane is much smaller [11, 33]. The simulation results 
show overestimation for the yield of  H2, CO, and  CH4, 
while the concentration of  CO2 was underestimated. 
The deviation of  CH4 has also been reported in previ-
ous literature works. Kuo et al. [34] pointed out that the 
possible reason for high  CH4 concentration in syngas 
in real gasification conditions may be due to the par-
tial thermal cracking of volatiles undergoing pyrolysis. 
Vikram et al. [10] speculated that the high rate of steam 
methane reforming reaction  (CH4 +  H2O → CO +  3H2) 
may be attributed to the under prediction of  CH4 and 
the over prediction of  H2 and CO.

In this work, the gaseous fractions in syngas were 
determined by the reactions and kinetic parameters. The 
overestimation for the yield of  H2, CO may be attributed 
to simplification of pyro-char, in which the water gas reac-
tion (R2) and Boudouard reaction (R3) are enhanced. The 
overestimation of  CH4 may be attributed of the methana-
tion reaction (R5) and the reverse reaction of steam meth-
ane reforming (R6).

Due to the complexity of biomass gasification process, 
there are many reasons for the error, including model simpli-
fication, dynamic parameters, and data deviation of experi-
ment itself. Although there is some variance for gasification 
products, the Aspen Plus model is still provide some useful 
information for evaluating the gasification process. There-
fore, the model was used to evaluate the co-production of 
syngas and bio-char, which could reflect the conversion law 
of gasification process to some extent and guide engineering 
application. Therefore, the Aspen Plus model was used for 
the simulation in the subsequent experiments.

3.4  The modeling of syngas and bio‑char 
co‑production

Next, the co-production of syngas and bio-char by biomass 
gasification was modeled. The gasification parameters, 
including gasification temperature, air equivalence ratio, and 
steam/biomass ratio, were taken into consideration.

Firstly, the influence of gasification temperature on the 
product distribution was studied. In this case, the air equiva-
lence ratio was fixed as constant value of 0.3 and the steam 
flow rate was zero. The temperature points were 700℃, 
750℃, 800℃, 850℃, and 900℃. The syngas composition, 
syngas yields, and bio-char yields are calculated and sum-
marized in Fig. 6 as follows.

It can be seen that higher temperatures promote syngas 
yield while lead to a decline in bio-char yields. With tem-
perature increase from 700 to 900 ℃, the bio-char yield 
decreases from 9.64 to 6.97%wt, while the syngas yield 
increases from 2.13 to 2.22  Nm3/kg. With regard to the syn-
gas composition, the concentration of CO and  H2 increases, 
while  CO2 and  CH4 decrease. Higher temperature benefits 
the water gas reaction (R2), Boudouard reaction (R3), and 
Steam methane reforming (R6); therefore, the bio-char yield 
and methane concentration decrease. More CO and  H2 are 
produced at higher temperature.

Next, the influence of air equivalence ratio on product 
distribution is modeled. In this case, temperature is held 
constant at 800 °C and the steam/biomass is zero. The air 
equivalence ratio is varied at range of 0.1, 0.15, 0.2, 0.25, 
0.3, 0.35, and 0.4. The modeling results are shown in Fig. 7.

Air plays a role as gasification agent, which converts bio-
mass into syngas. It can be seen that with the increasing of 
ER, the syngas yield significantly improves from 1.41 to 
2.54  Nm3/kg. Conversely, the bio-char yield dropped from 
10.31 to 7.47%wt, which is attributed to the water gas reac-
tion (R2) and Boudouard reaction (R3). With regard to the 
syngas composition, the methane concentration dramatically 
decreases from 12.55 to 1.62%vol, which is attributed to the 
drastic oxidation reaction in partial oxidation stage. With the 
increasing of ER, the concentration of CO and  H2 decreases 
slightly. The results are inconsistent with the experimental 
results. The reason is that in the model, the gasification tem-
perature is fixed by varying the ER value [17]. However, in 

Table 7  The comparison of 
experimental and modeling 
results

Items Experimental Model Diff Relative error (%)

H2 (%vol) 18.62 21.34 2.72 14.61
CH4 (%vol) 2.32 3.67 1.35 58.19
CO (%vol) 15.62 17.37 1.75 11.20
CO2 (%vol) 16.82 13.32  − 3.50  − 20.81
Carbon conversion ratio (%) 83.04 86.17 3.13 3.77
Syngas yield  (Nm3/kg) 1.98 2.18 0.20 10.10
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gasification experiments, the char bed temperature in gasifi-
cation stage cannot be constant when changing ER value. In 
general, the higher the ER is, the more heat is released and 
the higher the temperature will be achieved. Therefore, there 
is a maximum point for CO and  H2 concentration during 
varying ER value in experiment. The change of temperature 
and equivalent ratio is not considered in this work.

Steam is another gasification agent, which is usually 
added into gasifier together with air or pure oxygen to pro-
duce more hydrogen. In this case, the equivalent ratio is 
fixed as constant of 0.3 and temperature is kept at 800 ℃. 
The steam/biomass ratio is varied at range of 0, 0.1, 0.2, 
0.3, 0.4, and 0.5. The modeling results are summarized in 
Fig. 8 as follows.

It can be seen that the addition of steam in the gasifica-
tion stage largely improves the carbon conversion rate and 
the bio-char yield decreases from 8.08 to 4.58%wt, which is 
attributed to the water gas reaction (R2). The syngas yield 
increases from 2.18 to 2.42  Nm3/kg. With regard to the syn-
gas composition, the hydrogen concentration increases from 
21.34 to 26.32%vol, while the CO concentration decreases 

from 17.38 to 14.07%vol, which is attributed to water–gas 
shift reaction (R4).

Based on the experiments and modeling results, it is 
evident that by adjusting the gasification parameters, such 
as temperature, air equivalent ratio, and steam amount, the 
product distribution in the gasifier outlet could be effectively 
controlled. With regard to the tar problems, the pyrolysis is 
largely reduced by partial oxidation and catalytic cracking. 
The tar yield is as low as 224 mg/kg (ER = 0.3, S/B = 0), 
which corresponds to 113 mg/Nm3. After simple purifica-
tion, syngas can be used to generate electricity in internal 
combustion engines. The bio-char is another high valuable 
product. The yield of bio-char is largely influenced by ER 
and steam amount. The BET-specific surface area of bio-
char (ER = 0.3, S/B = 0) was about 215  m2/g, which could 
be used as the raw material for activated carbon production.

Next, the energy balance in the downdraft gasification 
was evaluated based on the Aspen Plus modeling. The reac-
tion temperature of pyrolysis and partial oxidation stages 
are set as 500 ℃ and 1000 ℃, respectively. The gasifica-
tion stage temperature was controlled as 800 ℃ according 

Fig. 6  The influence of gasification temperature on product distribution (a syngas composition; b bio-char and syngas yields)

Fig. 7  The influence of ER on product distribution (a syngas composition; b bio-char and syngas yields)
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to experimental data. The ER value was chosen as 0.3. The 
feeding rate of pinewood pellet is controlled as 5 kg/h. The 
energy balance in different stages (pyrolysis stage, partial 
oxidation stage, and reduction stage) was evaluated. The heat 
flow and connection of each stage are summarized in Fig. 9 
as follows:

As shown in Fig. 9, it can be seen that the pyrolysis stage 
is an endothermic process, which adsorbs heat of 2.47 kW 
(Q1) from the partial oxidation stage. Partial oxidation stage 
is the heat source of the gasifier. In partial oxidation zone, 
the combustion of volatiles released large amount of heat 
and generate hot zone. Q1 is transferred to the pyrolysis 
stage by means of radiation and heat conduction. The reduc-
tion stage is also an endothermic process, which adsorbs heat 

of 2.44 kW (Q2) from the partial oxidation stage. Besides, 
the hot flue gas (1000 ℃) generated in the partial oxidation 
stage also carries large amount of heat to the reduction zone, 
which acts as the heat source for the reduction process.

Based on the experiment and modeling results, a bio-char 
and syngas co-production system based on biomass gasifica-
tion is shown in Fig. 10 as follows.

In this system, the raw biomass feeding is firstly decom-
posed into volatiles and bio-char in pyrolysis section. The 
volatiles are further mixed with air or oxygen for partial 
combustion to act as the heat source of the system. The tar 
is also largely decomposed in this section. The pyrolysis 
bio-char is further gasified by flue gas or external steam 
to produce syngas. By adjusting gasification parameters 
(ER, temperature, steam amount), the ratio of syngas and 
bio-char as well as the product properties are adjusted and 
controlled for different applications. The bio-char could 
be further activated to produce higher valuable activated 
carbon. The system is an efficient and comprehensive 

Fig. 8  The influence of steam/biomass ratio on product distribution (a syngas composition; b bio-char and syngas yields)

Fig. 9  The mass and energy flow of each stage in downdraft gasifer

Fig. 10  Bio-char and syngas co-production system based on biomass 
gasification
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utilization of biomass resources and has a high applica-
tion prospect.

4  Conclusion

Co-production of bio-char and syngas by gasification is a 
promising way for biomass comprehensive utilization. In 
this work, mainly two co-products from pinewood pellet 
gasification, namely bio-char and syngas were studied on 
a downdraft reactor. Based on the experimental results, a 
detailed kinetic gasification model was built by Aspen Plus. 
Pyrolysis results show that bio-char yield during pyrolysis 
was about 22.8%wt and the initial pore structure was formed 
with a BET surface area of 36.8  m2/g. The main pyrolysis tar 
compounds detected by GC/MS were furfural and phenols, 
which were used as model tar compounds. The gasification 
results show that  H2 concentration reached the maximum 
of 18.62% at ER = 0.3. The maximum concentration of CO 
was 16.2% at ER = 0.25. The syngas yield increased with ER 
value. At low ER of 0.15, the syngas yield was 1.22  Nm3/
kg and increased to 2.26  Nm3/kg at ER of 0.4. The carbon 
conversion ratio also increased with ER value. The high-
est carbon conversion ratio of 91.7% was reached when ER 
was 0.4. The bio-char at gasifier outlet was a kind of highly 
carbonized material and the carbon content was 82.5%wt. 
During gasification, pore structure of bio-char was enlarged 
and the BET-specific surface area was about 215  m2/g. The 
tar was largely removed in the gasifier and the yield was 
224 mg/kg biomass at ER = 0.3. The model was validated 
by the experiment (ER = 0.3). The influence of temperature, 
ER, and steam amount was studied. Modeling results show 
that by adjusting the gasification parameters, such as tem-
perature, air equivalent ratio, and steam amount, the product 
distribution in the gasifier outlet could be effectively con-
trolled. In the end, mass and energy balance evaluation for 
the downdraft gasification system indicates that the pyrolysis 
stage and reduction stage are endothermic processes, which 
adsorb heat of 2.47 kW (Q1) and 2.44 kW (Q2), respectively 
from the partial oxidation stage. Partial oxidation stage acts 
as the heat source of the gasifier.
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