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ARTICLE INFO ABSTRACT

Keywords: Producer gas and biochar are the main products of biomass partial gasification in the fluidized bed. In order to
Aspen plus reasonably predict the producer gas, biochar and performance indexes of biomass partial gasification process in
Biomass

the fluidized bed, a kinetic model considering tar reaction kinetics and biochar elements distribution of biomass
partial gasification for producer gas and biochar co-production in bubbling fluidized bed was established by
using Aspen plus, and the model are validated with the relevant experimental data under different air equiva-
lence ratios. At the same time, the energy balance in the pyrolysis stage, oxidation stage and reduction stage of
biomass partial gasification process in the bubbling fluidized bed under different air equivalence ratios was
evaluated. The results indicate that the prediction data of producer gas components, biochar yield, gasification
efficiency and carbon conversion ratio are in good agreement with the experimental data, and the root-mean-
square error are less than 0.05. With the increase of air equivalence ratio(from 0.07 to 0.16), the gasification
temperature keeps rising(from 602 °C to 716 °C), the volume contents of CO, CO, and C,Hy, keep decreasing, the
volume contents of Hy and CH4 show an increasing-decreasing trend, and the volume content of N keeps
increasing; biochar yield continues to decline, the carbon and oxygen content in biochar decrease continuously;
gasification efficiency and carbon conversion ratio keep increasing; the heat absorbing from the oxidation stage
of the pyrolysis stage and reduction stage are increasing, and the heat releasing in the oxidation stage is also
increasing.

Fluidized bed

Partial gasification

Co-production of producer gas and biochar
Kinetics simulation

1. Introduction can save time and cost because it is not limited by experimental con-

ditions and experimental equipment. At the same time, the simulation

In order to help achieve the goal of carbon peak and carbon
neutrality and national energy transition, biomass, as a renewable en-
ergy source with zero or even negative carbon emissions throughout its
life cycle and huge development potential, has attracted much attention
for its energy utilization. For raising energy utilization rate, reducing
environmental pollution, optimizing the energy mix and accelerating
green, low-carbon and circular development, it is imperative to have
environment-friendly energy utilization technologies with large-scale
handling capacity for agricultural and forestry waste.

Biomass gasification technology, known as a widely used, flexible,
mature, economical, comprehensive, highly efficient and clean energy
utilization technology, can change biomass into producer gas, biochar
and tar through partial oxidation at high temperature (>500 °C) [1]. At
present, the research methods of biomass gasification technology are
mainly divided into experiment and simulation. Although the experi-
mental methods are more intuitive and reliable, the simulation methods

* Corresponding author.
E-mail address: ¢hwang@zju.edu.cn (Q. Wang).

https://doi.org/10.1016/j.energy.2025.134919

methods can play a key role in predicting the performance of gasifica-
tion system and the design and optimization of gasifier. Therefore, much
attention has been paid to study biomass gasification technology by
means of simulation [2,3].

Currently, Aspen plus, Aspen HYSYS, ANSYS, Barracuda and Open
Foams are the main simulation tools of biomass gasification technology
[4-6]. ANSYS, Barracuda and Open Foams are based on Computational
Fluid Dynamics (CFD) method for process simulation, focusing on fluid
dynamics and mass and heat transfer within gasification systems. This
method has been used in a large number of literatures [7-10], and its
main challenges are the high computational power requirements and the
accurate calculation of the physical properties of compounds under
different conditions [3,11]. Aspen plus are based on the mass and energy
conservation equations in combination with the phase equilibrium da-
tabases for process simulation. It is widely used for biomass gasification
simulation because it has a complete physical property database and can
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Fig. 1. Technical roadmaps for relevant technologies of biomass partial gasi-
fication for producer gas and biochar co-production in the fluidized bed.

flexibly use different unit operation modules to build complete process
flow for simulation and optimization [12,13]. According to different
simulation methods, Aspen plus for biomass gasification simulation can
be divided into equilibrium and kinetics methods. The equilibrium
method is relatively simple, generally using the Gibbs reactor module,
which only considers the thermodynamic equilibrium and does not take
into account the kinetics characteristics of the reaction. Furthermore, it
is not suitable for low-temperature conditions and cannot provide
satisfactory prediction results for the producer gas composition (espe-
cially ChHp,). The kinetics method needs to consider the gasification
reaction and kinetics characteristics involved, generally using the
RCSTR kinetic reactor module or RPlug kinetic reactor module, which is
more complicated but can get the results close to the experimental data
even at low temperature [14,15]. Therefore, in order to achieve
reasonable and accurate results, more and more literatures have adopted
kinetics methods to simulate the biomass gasification process. Th.
Damartzis [16] et al. developed a model for biomass gasification in
bubbling fluidized bed using Aspen plus by integrating the kinetics of
the homogeneous reactions, the non-homogeneous reactions and the tar
oxidation reaction, and the results showed that the model fitted well
with the experimental results obtained from the pilot plant and was able
to give reliable predictions for the cold gas efficiency and thermal effi-
ciency from air gasification of a wide variety of biomass. Priyanka
Kaushal [17] et al. established a new biomass gasification model
defining tar and its reaction kinetics in Aspen plus in view of the fact that
tar was basically not considered in the existing biomass gasification
simulation or tar was regarded as an inert substance. The results indi-
cated that the accuracy and prediction performance of the model can be
significantly improved by considering the tar and its kinetics reaction
characteristics. Weiwei Li [18] et al. developed two models for waste tire
gasification in bubble fluidized bed based on thermodynamic equilib-
rium method and kinetics method respectively, and the results demon-
strated that the prediction performance of the kinetics model was
significantly better than the thermodynamic equilibrium model, and the
increase of temperature was conducive to reducing the difference be-
tween the two models in prediction for the producer gas composition
and the lower heat value.
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However, traditional biomass gasification aims for more valuable
producer gas, paying more attention to the producer gas and related
subsequent utilization, and focusing little on the biochar [19]. In recent
years, the trend of value-added utilization of biochar has been obvious,
and it has been widely used in many aspects [20]. Based on this, Zhe-
jiang University put forward the relevant technology of biomass partial
gasification for producer gas and biochar co-production in the fluidized
bed to obtain high quality biochar and improve the economic feasibility
of biomass energy utilization. The relevant technologies include biomass
partial gasification in fluidized bed coupled with coal-fired power gen-
eration coproducing biochar (the industrial plant is under construction)
and biomass partial gasification for steam and biochar co-production in
fluidized bed (the industrial application has been realized), whose
technology roadmaps are shown in Fig. 1 below. Therefore, it is neces-
sary to conduct simulation research on the technology of biomass partial
gasification for producer gas and biochar co-production to optimal
operation and further improve the utilization value and economical ef-
ficiency of biomass.

Wajeha Taugir [21] et al. developed a steady-state model for biomass
gasification in the downdraft fixed bed using Aspen plus, in which the
downdraft fixed bed was divided into four main regions to predict the
effects of air equivalence ratio, gasification temperature and moisture
content on producer gas and biochar production. The results revealed
that when the air equivalence ratio was 0.14 and the gasification tem-
perature was 750 °C, the cold gas efficiency reaches the highest, and the
biochar yield decreases with the increase of air equivalence ratio, gasi-
fication temperature and moisture content. Zhiyi Yao [22] et al. con-
structed a comprehensive fixed-bed gasification model to predict the
impact of air equivalence ratio on the yield and quality of producer gas
and biochar in the fixed-bed gasification process, as well as the overall
economic benefits of producer gas and biochar co-production. The re-
sults suggested that when the air equivalence ratio was 0.1, the higher
heating value of producer gas was 6.15 MJ/Nm® and the highest biochar
yield could reach 22 %. When the air equivalence ratio is 0.25, the
maximum overall economic benefit was 0.11 $/kg. Yanping Zhou [23]
used a kinetic method to simulate the downdraft fixed-bed gasification
for producer gas and biochar cogeneration in Aspen plus, and the results
indicated that with the increase of gasification temperature and air
equivalence ratio, the gas production rate increased and the biochar
yield decreased, and the highest biochar yield were 9.64 % and 10.31 %,
respectively. However, the above simulation studies on biomass partial
gasification for producer gas and biochar coproduction are mostly based
on the fixed bed and biochar only consists of carbon and ash, so there is a
lack of relevant simulation studies based on the fluidized bed and
considering the elements distribution of biochar.

Therefore, in this paper, the kinetics simulation of biomass partial
gasification for producer gas and biochar coproduction in the bubbling
fluidized bed (BFB) was carried out by using Aspen plus on the basis of
considering the tar reaction kinetics and the elements distribution of
biochar, in which the kinetic parameters are determined based on the
experimental results of biomass partial gasification for producer gas and
biochar coproduction in BFB. At the same time, the effects of different
air equivalence ratios on the characteristics of biomass partial gasifica-
tion for producer gas and biochar coproduction and energy balance were
analyzed, so as to provide corresponding data reference for industrial
design and operation optimization of relevant technologies based on
biomass partial gasification for biochar and producer gas coproduction
in the fluidized bed.

Table 1

The proximate and ultimate analysis and lower heat value of poplar sawdust.
Ultimate Analysis/(wt%) Proximate Analysis/(wt%) Qnet,ad
Cad Haq Nad Stad O*ad Mad Aad Vaa FCaq MJ/kg
48.20 5.64 0.21 1.64 40.06 2.92 1.33 80.76 14.99 20.25

Note: ad: air dried basis. *: by subtraction.
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Table 2

Operating conditions.
Operating conditions 1 2 3 4 5
ER 0.07 0.09 0.12 0.14 0.16
T/°C 602 634 673 689 716

2. Materials and methods
2.1. Biomass material

In order to verify with the experimental results related to biomass
partial gasification for producer gas and biochar coproduction in the
fluidized bed, the biomass feedstock selected for the simulation was
poplar sawdust with good energy production potential, the same as in
the experiments. And the results of its proximate and ultimate analysis
and calorific value analysis are given in Table 1.

2.2. Experimental system

In this work, a self-built small atmospheric bubbling fluidized bed
reactor was used to generate total product data to determine kinetics
parameters and validate kinetics model. The experimental system and
experimental methods are described in detail in Ref. [24]. Table 2 lists
the experimental operating conditions of biomass partial gasification for
producer gas and biochar in the bubbling fluidized bed.

2.3. Model introduction

The process of biomass partial gasification for producer gas and
biochar co-production in the bubbling fluidized bed is very complex,
which is generally considered to be composed of three processes: py-
rolysis, oxidation combustion and gasification reduction. From the
perspective of energy, in the process of biomass partial gasification for
producer gas and biochar co-production in the bubbling fluidized bed,
oxidation combustion stage provides the heat required for pyrolysis
stage and gasification reduction stage. Therefore, the simulation process
is divided into three successive sub-processes: pyrolysis, oxidation and
reduction.

In addition, the bubbling fluidized bed reactor contains dense-phase

Q-PYROLYSIS

Q-CHARDECOM
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and lean-phase regions, and the oxidation combustion reaction occurs in
the dense phase region, the gasification reduction reaction occurs in the
lean phase region. The RCSTR reactor module can simulate the multi-
phase system, deal with the kinetics reaction with the solids, and can
more realistically simulate the gasification reaction of the fluidized bed
reactor. Therefore, from the viewpoint of simplifying the problem and
directly using the built-in algorithm in Aspen Plus, two RCSTR reactor
modules are connected in series and the corresponding reaction kinetics
are defined to simulate the dense phase zone and lean phase zone for the
gasification process in the bubbling fluidized bed. At the same time,
according to the characteristics of uniform temperature of the fluidized
bed reactor and same temperature of each phase of the RCSTR, the
temperature of the two reactor modules are set the same, which is
different from the fixed-bed reactors with obvious temperature zones
and reaction zones. The specific model is shown in Fig. 2 below. In the
model, CO., CO3, CH4, CyH4, Hy, H30, O3, Nz, NO, NO3,
SO,. SOs3. CgHg. CyHg. CioHg. CgHeO and C3HgO, are defined as
conventional components, C and S are defined as solids, and biomass,
char and ash are defined as unconventional components. The PR-BM
method including Peng-Robinson and Boston Mathias functions is cho-
sen as the physical property method.

In this model, Biomass was fed into a pyrolysis unit replaced by a
RStoic reactor module under ambient conditions (25 °C and 1 atm), and
its mass flow rate is constant. In the pyrolysis unit, the biomass was
decomposed into several pyrolysis products, including pyrolysis gas,
char and tar, using an numerical pyrolysis model. The Separator module
(SEP) separates the pyrolysis products into char and volatile compo-
nents, including pyrolysis gas and tar. Char is decomposed into C, Ha,
O3, Ny, S and ash by the Rstoic reactor module. In order to accurately
simulate the element distribution of biochar under different air equiv-
alent ratios, the Separator module(SEP-2) separates part of the Hy, O,
Ny, S in the char decomposition products according to the ultimate
analysis data obtained in the experiment and the calculated element
residual rate, so that they did not participate in the reaction to became
the H, O, N and S residues in biochar. The volatiles, char decomposition
components involved in the reaction and ash, as well as AIR under
ambient conditions (25 °C and 1 atm), were mixed in the Mixer module
and sent to the oxidation unit replaced by a RCSTR kinetic reactor
module, where the corresponding kinetic parameters are inputted to
carry out the reaction. After the reaction is completed, the products are

i
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: Air ' 1
1
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: Char 1
; compounds :
Biomass ! 1
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Fig. 2. Aspen plus model of biomass partial gasification for producer gas and biochar co-production in the fluidized bed.
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sent into the reduction unit replaced by another RCSTR kinetic reactor
module. The corresponding reaction kinetics parameters are input into
the reduction unit for the final reduction reaction of gasification, and the
gasification products is separated into producer gas and biochar by the
Cyclone module so as to realize the producer gas and biochar copro-
duction of biomass partial gasification in the bubbling fluidized bed. In
the model, the temperature of each reactor module is the same and
consistent with the experiment [24]. Besides, the determination of air
equivalence ratio consistent with the experiment and the energy balance
in the whole process are realized by changing the initial value of the air
volume flow to achieve process convergence. The tolerance is set to
0.001, and when the error between the input and output of the mass and
energy for every module is less than the tolerance, the process will not
report an error and converge.

In the simulation, the following assumptions are made: (1) The
process is in steady, isothermal and atmospheric pressure state; (2) The
pressure in the reactor is uniform, and there is no pressure and heat loss;
(3) The drying of biomass and precipitation of volatiles are two inde-
pendent one-step processes that occur instantaneously; (4) All gaseous
compounds are ideal gases; (5) The composition of pyrolysis products is
only related to temperature; (6) The gas components of the pyrolysis
products do not take into account the substances containing S and N; (7)
Unconverted carbon exists in the gasification process; (8) Tar is
composed of CgHg, C7Hg, C19Hg, CsHgO and C3HgOo; (9) Ash is inert.

2.3.1. Numerical pyrolysis model

In order to achieve reasonable and accurate simulation results, the
empirical prediction model of pyrolysis products proposed by Daniel
Neves [25] et al. was used to decompose biomass into Hy, CO, CO2, CHy,
H20, C Hp, tar and char during the simulation process, in which C,Hp,
was replaced by CyHs4. The empirical prediction model is based on
element balance and total gas energy balance, so as to ensure the mass
balance, as shown in the matrix equation (1) for details. And in order to
ensure that the model has a solution, the temperature empirical corre-
lation formula is introduced, see equations (2)-(12) below, and the
matrix equation is solved by Python. The empirical pyrolysis model was
established by collecting and processing the pyrolysis products data of
more than 60 different biomasses from different reactors under inert
atmosphere and wide temperature range (200°C-1000 °C), so it can be
used as a submodel to simulate different biomass gasification.

[ Yo Yoonm, Yoo, Ycco Yoo, 0 0 [ Yearr ]
YH‘tar YH.C2H4 YH.CH4 0 0 YH.HZO YH.HZ YC2H4.F
Yo.ar 0 0 Yoco Yoco, Yomo 0 Yeu, r

0 0 0 —£ 0 0 1 Yeor

0 0 -1 0.146 0 0 0 Yco, r
LHV; LHVgy, LHVey, LHVey O  LHVg LHVy, Yu,0r

0 0 0 0 0 0 1 | | Yur |

Yenr = 0.106 + 2.43-exp( — 0.66:102-T) (2)

Yeon = 0.93 — 0.92-exp( — 0.42-10 2-T) 3

Yien = —0.41-107 + 0.10-exp( — 0.24-107>-T) C)]
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Fig. 3. The comparison results at different pre-exponential factor of R23 be-
tween prediction data and the experimental data under operating condition
(ER = 0.12 and T = 673 °C).

Yon = 0.07 + 0.85-exp( — 0.48-10 2.T) 5)
Yewr = (1.0541.9-107%.T) o Y (6)
Yoiar = (0.92 —2.2.10*-T) @ Yo %)
YH.tar =1- YC,tar - YO.tar (8)
-1
0.0429
Yoor= 310 +————— | oVys 9
1+ <§T2>
Yeu,p = —2.18107* +0.146- Yo (10)
_2 9.384
Yy, r = 1.145-(1 —exp( — 0.11-1072.T)) an
LHV; = —6.23 +2.47-10°%.T 12)

Where, Y¢p, Yurand Yor refer to the element content of CHO in

biomass respectively; Yu, r, Ycor, Yeu, r, Yeuu, s Yco, F, Yo F,
_ YC,F - YC.ch L4 Ych.F b
Yur — Yucn ® Yonr
YO.F - YO,ch L4 Ych,F
0
- i=C,H,O @
2.18¢107*
(Zm — Yeonr e ZYi.ch> o LHV;
i i
L o |

Yiarr and Yy, p are the yield of Hy, CO, CHy4, CoHy, CO2, H20, tar and char
in the pyrolysis process separately;  Yccn, Yuchs Yochs Yeiars
Y or and Yo - refer to the element content of CHO in char and element
content of CHO in tar respectively; YC.C2H41 YC.CH47 chco, YC1C027 YH‘CZH“
YH,CH47 YH,H;O; YH,Hz: YO,COs YO.C02 and YO,HZO are the mass fraction of C
in CoH4, CH4, CO and CO,, the mass fraction of H in CoH4, CH4, H20 and
H,, the mass fraction of O in CO, CO; and HyO separately;
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Table 3
Tar-related reactions and reaction kinetics.
Reaction Reaction rate expression Reference
R1 C3HO02—0.5C6¢He O + _ 6 [26,28]
1.5H,0 r = 3.00 x 10° exp
136000
RT Cc,H,0,
R2 CeHgO—CO + B 1 [29]
0.4CioHs + 0.15CeH, + |~ 20X 107 exp
0.1CH4 + 0.75H2 247000
RT CoHs O
R3  CioHs—6.05C+ B . [11,28,
0.4CsHe + 1.25CH, + r=100x10%exp | - -
0.15C>H, 100000\ . 160 05 -
RT CioHs CHy
R4 CeHeO + 402— 6CO + o [11]
3H,0 r = 655T exp ( -
80200
7) Cests0”>Co,
. 1
R5  C;Hg+ 3.50,-7CO+ r =208 % 10°T exp (7 [311
4H,
165000
500 05,
H. 1 31
R6  CioHg + 50, 10C0+ r:ZlemTap(— 1]
4H,
80200
T) Ceiois**Co,
R7  CeHs+ 4.50,—6C0 + B n [2,11]
3H,0 r=240x 10" exp | —
126000
oT )CC5H5 O'SCOZ
R8 CeHgO + 2H,0— 3CO + _ 7 [11]
CyHa + CH + Hy r=1.00x 10 exp(
100000
RT CeyHs0
R9 CioHg + 2H,0— 3CH4 + _ 14 [30,32]
2CO + 5C r=170x 10" exp
350000
RT )CCIOHsLscHz 08
R10  C;Hg + HyO—CeHs + _ s [33,34]
CO+ 2H, r =1.00x 10 exp(—
100000
RT )9
RIL  CHot Ha=Collo+ CHs ) 00 512 o (7 [30,34,
247000 0s 3]
RT Ce,1; Ch,

R12  CgHg¢ + 2H,0—-1.5C+
2CO + 2.5CH4

29
r:4><101"exp(— (29]

443000
RT

13, -04 02
)Ccﬁﬂf, Ch,” "Chy0

LHVG(MJ /kg),LHV,n, (MJ /kg), LHVcy, (MJ /kg), LHV o (MJ -

/kg) and LHVy, (MJ /kg) refer to the lower heat value of the total py-
rolysis gas, CoHs, CHy, CO and Hj respectively; Q1 = Yy, r/ Yo, Q2 =
Y, r, T(°C) is the pyrolysis temperature.

2.3.2. Tar reaction and gasification reaction

In the simulation, it is assumed that tar is only composed of C, H and
O elements, so the element content of carbon and oxygen in tar is
determined by equation (6) and equation (7) in the pyrolysis model,
while the element content of hydrogen in tar is calculated by the dif-
ference. According to the element content of carbon, hydrogen and
oxygen in tar, tar is represented by C;H,O. and converted into a group of
common representative compounds of tar during pyrolysis, among
which C3HgO; represents primary tar. The specific conversion path is
shown in equation (13) below, where x;, x5 and x3 are determined by the
elemental balance calculation of C, H and O [26]. Tar compounds in the
pyrolysis process are produced and then undergo oxidation combustion
and gasification reduction reaction with gaseous components in the
reactor.
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Yiarr © CcHyO: — x; @ C3HgO2 + x5 @ CyHg + X3 @ Hy 13)
Pyrolysis

In order to determine the kinetic mechanism of biomass partial gasifi-
cation for producer gas and biochar co-production in the bubbling flu-
idized bed based on our previous experimental data and evaluate the
predictive effect of each reaction kinetic parameter considered in the
model on the experimental results, the pre-exponential factor of the
selected reactions from different literatures was modified [27]. For
quantifying the error between the prediction results and the corre-
sponding experimental results, the root mean square (RMS) value is
used, the definition is shown in the following equation (14). Fig. 3 shows
the comparison results at different pre-exponential factor of R23 be-
tween prediction data and the experimental data of poplar sawdust
partial gasification for producer gas and biochar coproduction in the
bubbling fluidized bed under operating condition (ER = 0.12 and T =
673 °C) [24]. The results suggest that the error is minimum when the
pre-exponential factor is 2.78. Compared with the higher
pre-exponential factor of R23, the lower pre-exponential factor of R23
can better predict the process of biomass partial gasification for pro-
ducer gas and biochar co-production in the bubbling fluidized bed,
which is more consistent with the kinetic mechanism of biomass partial
gasification for producer gas and biochar co-production in the bubbling
fluidized bed. The kinetic parameters of all chemical reactions used in
the final model were determined by this method of observing the error
direction and rationalization argument, which are shown in Tables 3 and
4.

14)

2.4. Related index calculation

After the simulation, the relevant indexes are calculated based on the
post-simulation results as follows:

(1) Air equivalence ratio(ER)

ER, which is the ratio of the input air flow in the simulation process
of biomass partial gasification to the theoretical air required for the
complete combustion, can be calculated by following equation:

Vair

; 15
Mbiumass X (bio(:;lrass> ( )
stoic

where, ER is the air equivalence ratio, Vi, (Nm®3/h) is the volume flow
rate of air, Mpjomass (kg/h) is the mass flow rate of biomass, and (air/
biomass) stoic (Nm3/kg) is the theoretical air required per unit mass.

ER =

(2) Gas production rate

Gas production rate, which is the volume of producer gas per unit
mass of biomass under standard conditions, can be calculated by
following equation:

Vorod
G, — Producer gas ae)
Y Mbiomass

where: Gy (ng/kg) is the gas production rate, and Vproducer gas (Nm3/h)
is the volume flow rate of producer gas.

(3) The lower heat value of producer gas

The lower heat value of producer gas, which is the chemical energy
included in the per unit volume of producer gas, can be calculated by
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Table 4
Gasification reactions and its reaction kinetics.
Reaction Reaction rate expression Reference
R13 aC(s) + 02-2(a — 1)CO+ (2 — a)CO; r = 208Texp( 149000\ 6 o @ = 1+2f [11,36]
RT )d, 1+f
37787
ithf = 4.72x 1073 S atbia
with f 47><0exp( RT)
1 . 1 2
R14 CO + 0.50,~CO, r =232 102 exp (_ 6;(;00) CooCo,%% o [2]
R15 CH4 + 0.50,—CO + 2H. 202000 11
4+ 2=C0+ 2H, r =1.58 x 10'2 exp (7 RT )CCH40'7C020'8 e
R16 CoHy + 302—2C0; + 2H,0 13052 37
2Hy + 302,—2C0, + 2H, r = 3552 % 101 exp (7 3;){5; 9>CCZH4C07 [37]
. 29
R17 Ha +050,~H,0 r=2196 x 10° exp (7 72337)@,,% 1291
R18 C+ Ha0—H, + CO e kiPy,0 [29]
1 + koPu,0 + k3Py,
kp = 4.93 x 103 exp (’123:22)
ko =1.1 x 10 exp <73548)
T
25161
k3 =1.53x107° exp <¥)
1 2 29
R19 €+ €0,~2C0 r = 4364 x 10° exp (— 242;23) Ceo, (291
R20 C+ 2H,—CHy 19210 [38,39]
r=129exp | — —— |Ch,
RT
21 Hy + H: H. 2,40
R CHs + H20—~CO + 3H,  —3.00% 10° exp<7122200>ccﬁ¢cﬁzo [2,40]
1,42
R22 CoHy + 2H,0-2CO0 + 4Ha r = 3.00 % 10° exp (7 12}52(7).00>C62H4CH202 [41,42]
2 H H 12 11
R23 CO + H,0-CO; + Hp re278exp ( 600 CooCino Ci, Cco, [11]
RT Kio
Kgg = 0.022 exp (3;@)
2 H. H. 1642 43,44
R24 CO2 + H2—»CO + H20 r =3.20 x 10° exp (7 6;T00>CC02CH20'33 [43,44]
20 Gasification efficiency, which is the ratio of the chemical energy
S0 AN included in the producer gas to the chemical energy included in the
- Nz * biomass feeding in the same time, can be calculated as follows:
w +
< 2
40 424
: 0 —&—CO _ LH Vproducer gas X Vproducer gas (18)
L] —_~ =
": —o— COZ o\\t Mbiomass x LH Vbiomass
NS
30} —e—CH, {18 £ o .
E CH -: where,  represents the gasification efficiency and LHVpiomass (MJ/kg)
£ o g represents the lower heat value of biomass.
= 20F 112 2
= b1 . .
£ —X— Tar £ (5) Carbon conversion ratio
= —@® — Biochar
10 i ine 10 . . . . I .
£ Diagonal line The carbon conversion ratio of biomass partial gasification simula-
RMS error: 0.015 tion process, which is the proportion of carbon in biomass converted to
0 L . . . 0 producer gas and tar, can be calculated as follows:
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Experimental data(vol.% dry gas) he =1 Mbiochar % Chiochar 19
o = 1 — hochar = Zbiochar
(l) % 1|2 1‘8 2‘4 3‘0 Mbioma.ss X Cbiumass

Experimental data of yield(%)

Fig. 4. Comparison between prediction results of kinetic model for biomass
partial gasification and experimental results under operating condition (ER =
0.12, T = 673 °Q).

following equation:

LHVproducer gas = 12.64Xco + 10.79Xy, + 35.88Xcy, +59.44Xc,n,  (17)
where: LHVyroducer gas (MJ/Nm®) is the lower heat value of producer gas,

and X; is the mole fraction of combustible components j (CO, Hy, CHy,
CoHy) in producer gas.

(4) Gasification efficiency

where: 1 is the carbon conversion ratio, Mpjochar (kg/h) is the biochar
output, Cpiochar (%) is the carbon content of biochar, and Cpjomass (%) is
the carbon content of biomass.

3. Results and discussion
3.1. Model validation

In order to verify the rationality and accuracy of the finally estab-
lished kinetic model of biomass partial gasification for producer gas and
biochar coproduction in the bubbling fluidized bed, the prediction re-
sults of the model were compared with the experimental results of
partial gasification for producer gas and biochar coproduction in the
bubbling fluidized bed. Fig. 4 shows the comparison results between
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Fig. 5. Comparison of model prediction results with experimental results of at different air equivalence ratios for the producer gas components (vol % dry basis).

prediction data of the kinetic model of biomass partial gasification for
producer gas and biochar coproduction in the bubbling fluidized bed
and the experimental data of poplar sawdust partial gasification for
producer gas and biochar coproduction in the bubbling fluidized bed
under operating condition (ER = 0.12 and T = 673 °C). The results show
that the error between the model prediction results and the corre-
sponding experimental results is small, the prediction performance of
model is good, and the model can accurately predict the producer gas
components, biochar yield and tar yield in the process of biomass partial
gasification for producer gas and biochar coproduction in the bubbling
fluidized bed.

3.2. Effect of ER on the characteristics of biomass partial gasification for
producer gas and biochar co-production

In the actual operation process of industrial biomass gasification
plant, the gasification temperature is determined by regulating the air
equivalence ratio and has a one-to-one corresponding relationship with
the air equivalence ratio. Therefore, in order to test the robustness of the
established kinetic model of biomass partial gasification for producer

gas and biochar in the bubbling fluidized bed, the model prediction
results under different air equivalence ratios with the experimental re-
sults under the same conditions [24] will be comprehensively compared
for the whole products of biomass partial gasification in this section.

3.2.1. Effect of ER on producer gas composition and gasification
performance

Fig. 5 shows the comparison between the model prediction data of
biomass partial gasification in the bubbling fluidized bed under different
air equivalence ratios and the experimental data of poplar sawdust
partial gasification under the same conditions for the producer gas
components. The results indicate that the model prediction data is in
good agreement with the experimental data. With the increase of the air
equivalence ratio and gasification temperature, both the volume content
of CO and CO3 in the model prediction data continue to decline, and it is
worth mentioning that the volume content and the decreasing rate of CO
are larger than CO». For CO, on the one hand, it mostly produced by
exothermic reaction R13 [45], the increase of air equivalence ratio and
the gasification temperature make the reaction equilibrium shift to the
left, which is not conducive to the generation of CO. On the other hand,
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Fig. 7. Comparison of model prediction results with experimental results at
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the increase of air equivalence ratio and gasification temperature also
promote the reaction rate of combustion reaction R14, resulting in the
increase of CO consumption. As for CO,, on the one hand, the rise of
temperature causes the reaction rate of exothermic reaction R13 to
decrease, which prevents the generation of CO9; on the other hand, the
rise of temperature leads to the increase of the reaction rate of com-
bustion reaction R14, resulting in the rise of CO5, and reduction reaction
R19 is limited by the complex heat transfer at low temperatures, which
is the reason why the falling rate of CO is larger than COs in the simu-
lated data. At the same time, due to the lower air equivalence ratio
investigated in the simulation process, the degree of partial combustion
of biomass into CO is greater, which leads to the volume content of CO is
larger than CO».

For Hy, with the increase of air equivalence ratio, the volume content
of H, shows an increasing-decreasing trend. On the one hand, the rise of
air equivalence ratio and the gasification temperature shift the steam
reforming reaction equilibrium to the right, which is favorable to the
generation of Hy; on the other hand, when the air equivalence ratio and
gasification temperature increase to a certain extent, the combustion
reaction rate of Hj is greatly enhanced, and the volume content of Hy
declines. For CH4, with the rise of air equivalence ratio, the volume
content of CHy4 also presents a trend of increasing-decreasing, but the
turning point is different from Hj, which is due to CH4 mainly comes
from the pyrolysis of biomass and the decomposition of hydrocarbons
[45].

For hydrocarbon C,Hy,, with the increase of air equivalence ratio, the
volume content of C,Hp, shows a descending trend. On the one hand,
CpHy, mainly derives from the pyrolysis of biomass, and the rise of
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Fig. 8. Comparison of model prediction results with experimental results at
different air equivalence ratios for tar yield.

gasification temperature promotes its yield to rise. Meanwhile, the
decomposition of tar also contributes to the generation of C,Hy, [46],
but due to the low temperature under study, its production degree is
limited; On the other hand, with the rise of air equivalence ratio and
temperature, the reaction rate of combustion reaction R16 and steam
reforming reaction R22 continue to go up, promoting the consumption
of ChHp,. Under the interaction of these two aspects, the volume content
of CyHy, continues to decrease macroscopically. For Ny, with the in-
crease of air equivalence ratio, the volume content of Ny continues to
rise, mainly because the producer gas production rate is low at the lower
air equivalence ratio, and the introduction effect of Ny keeps increase
with the rise of air equivalence ratio. These results are consistent with
results reported in the literature [11,47].

Fig. 6 gives the comparison between the model prediction data of
partial gasification in bubbling fluidized bed under different air equiv-
alence ratios and the experimental data of poplar sawdust partial gasi-
fication in the bubbling fluidized bed under the same condition for gas
production rate and lower calorific value of producer gas, and the results
suggest that the model prediction data and the experimental data of gas
production rate present the increasing trend with the rise of the air
equivalence ratio, which is in accordance with results [48]. The reason is
that the increase of air equivalence ratio and gasification temperature is
advantageous to the gasification reaction. And it is worth noting that the
model prediction data are larger than the experimental data, which is
mainly due to the more ideal reaction conditions during the simulation.
The prediction data and experimental data of lower calorific value of
producer gas are decreasing with the increase of air equivalence ratio,
and the error between the data decreases gradually, which is mainly due
to the fact that the introduction effect of Ny enhances the dilution of
volume content of combustible gases in the producer gas with the rise of
the air equivalence ratio.

Fig. 7 gives the comparison between the model prediction data of
gasification efficiency and carbon conversion ratio from partial gasifi-
cation in bubbling fluidized bed under different air equivalence ratios
and the experimental data of poplar sawdust partial gasification in the
bubbling fluidized bed under the same condition, which demonstrates
that the model prediction data and the experimental data of gasification
efficiency and carbon conversion ratioare in good agreement and the
change trend is consistent, and both of them show the rising trend with
the increase of air equivalence ratio. The reason is that the increase of air
equivalence ratio and gasification temperature is beneficial to the
gasification reaction, the rapid precipitation of volatiles in biomass and
the partial combustion of fixed carbon, so that more carbon in biomass
can be converted into gas and liquid products. At the same time, it is
worth noting that the increase rates of gasification efficiency and carbon
conversion ratio in both model prediction data and experimental data
drop with the increase of air equivalence ratio, which directly verifies
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Table 5
Ultimate analysis and Proximate analysis of biochar in model prediction results
under different air equivalent ratios.

Items Ultimate analysis/(wt%) Proximate analysis/(wt%)

Ca Hq Na Sta Oq Aq Va FCq

79.16 1.73 0.69 0.26 9.00 9.15 23.61 67.24
79.16 1.73 0.59 0.30 7.29 10.93 18.72 70.35
79.15 1.67 0.50 0.34 5.28 13.06 14.12 72.82
78.87 1.60 0.49 0.35 4.70 13.99 12.67 73.34
75.93 1.70 0.56 0.41 4.56 16.85 10.78 72.37

g b wWwnN =

Note: d: dry basis.

the feasibility of biomass partial gasification. These results are consis-
tent with results reported in the literature [49].

3.2.2. Effect of ER on tar characteristic

Fig. 8 shows the comparison between the model prediction data of
tar yield from partial gasification in the bubbling fluidized bed under
different air equivalence ratios and the experimental data of poplar
sawdust partial gasification in bubbling fluidized bed under the same
working conditions, in which the working conditions under study are
marked as 1, 2, 3, 4, and 5, respectively, according to the air equivalence
ratio from small to large in the following part of the figure. The results
manifest that the errors between the model prediction data and the
experimental data of tar yield are relatively small and the variation
trends of data are inconsistent. The model prediction data show a
decreasing trend with the increase of air equivalence ratio, while the
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Table 6
Regression equation for total product and gasification performance index of
biomass partial gasification.

Items Regression equation R?
Gaseous Cco 626.75*(ER"2)-227.34*ER+38.61 0.99
product CO, 231.13*(ER"2)-111.02*ER+29.46 0.99
CH4 5.43 + 1.16*exp(-exp(-z)-z+1) z=(ER-0.10)/  0.99

0.01

H, —282.28*(ER"2)+73.80*ER+0.59 0.95
ChHm —74.78*(ER"2)+0.07*ER+-5.74 0.98
N, —313.04*(ER"2)+234.33*ER+19.39 0.99
Liquid product Tar 19.05 + 361.26*(1.19E-23"ER) 0.96
Solid product Biochar  443.68*(ER"2)-178.86*ER+25.37 0.98
] —1479.94*(ER"2)+479.07*ER+3.56 0.95
e —546.45*(ER"2)+256.19*ER+60.18 0.97

experimental data present an increasing-decreasing trend, the only dif-
ference is at the lowest air equivalence ratio studied, which is due to the
fact that the higher the air equivalence ratio and the gasification tem-
perature, the smaller the gap between the simulative and experimental
reaction conditions, and the smaller the error between prediction data
and experimental data. As for the decrease in tar yield, it is mainly owing
to the fact that the rise of air equivalence ratio and gasification tem-
perature contributes to the oxidation reaction and secondary decom-
position of the tar components, which can be confirmed by the
continuous decrease of production output for primary tar C3HgO and
stable component C¢Hg among the main tar components in the simula-
tion results of Fig. 9.

3.2.3. Effect of ER on biochar characteristic

Fig. 10 presents the comparison between the prediction data of
biochar yield from partial gasification in the bubbling fluidized bed
under different air equivalence ratios and the experimental data of
poplar sawdust partial gasification under the same working conditions.
The results suggest that the prediction data of the biochar yield is in
good agreement with the experimental data, the change trend is
consistent, and both of them decrease with the increase of air equiva-
lence ratio. This is mainly because the increase of air equivalence ratio
and gasification temperature contributes to the reaction of biomass
particles with oxygen, the precipitation of more volatile components and
the reaction of fixed carbon.

Table 5 shows the changes for ultimate and proximate analysis of
biochar in the prediction results of model under different air equivalence
ratios, in which the volatiles fraction is determined based on the fitting
data of the volatiles residual rate in biochar obtained from experiments
under different air equivalence ratios. The results show that with the
increase of air equivalence ratio, the carbon content in biochar decreases
from 79.16 % to 75.93 %, volatiles fraction drops from 23.61 % to 10.78
%. The main reason is that the increase of air equivalence ratio leads to
the increase of gasification temperature, the acceleration precipitation
of volatiles and the increase of the combustion share for fixed carbon.

3.3. Regression analysis

In order to consolidate the simulation results of the kinetic model of
biomass partial gasification for producer gas and biochar cogeneration
in the fluidized bed, regression analysis was performed on the correla-
tion between the full products and gasification performance indexes of
biomass partial gasification and the air equivalence ratio, the correlation
applies to the air equivalent ratio range of 0.07-0.16, and the temper-
ature range of 602°C-716 °C. The correlation between the full products
and the gasification performance indexes of biomass partial gasification
and the air equivalence ratio is specifically see Table 6.
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Fig. 11. Mass flow and energy flow of biomass partial gasification in bubbling fluidized bed under operating condition (ER = 0.12, T = 673 °C).

Table 7
Energy flow of biomass partial gasification in bubbling fluidized bed under
different air equivalence ratios.

Operating Biomass Char Reduction  Oxidation
condition pyrolysis pyrolysis

1 806.40W 102.94W 356.05W —1265.39W
2 878.22W 88.17W 420.06W —1386.46W
3 968.61W 82.58W 475.02W -1526.21W
4 1010.07W 80.02W 493.30W —1583.40W
5 1091.92wW 71.92W 547.63W —1711.47W

3.4. Effect of ER on energy balance

Energy balance is very important in the kinetic simulation process of
biomass partial gasification for producer gas and biochar in bubbling
fluidized bed. Therefore, in order to test the rationality of the established
kinetic model of biomass partial gasification for producer gas and bio-
char in bubbling fluidized bed, the energy balance in the pyrolysis stage,
oxidation combustion stage and gasification reduction stage of biomass
partial gasification in bubbling fluidized bed are evaluated in this
section.

Fig. 11 shows the mass flow and energy flow simulation data of
biomass partial gasification in bubbling fluidized bed under operating
condition(ER = 0.12, T = 673 °C). The results reveal that both the py-
rolysis stage and gasification stage are endothermic processes, while the
oxidation combustion stage is exothermic process, and the oxidation
combustion stage acts as the heat source in the whole process of biomass
partial gasification in bubbling fluidized bed. The heat released in the
oxidation combustion stage is 1526.21W, the heat absorbed in the py-
rolysis stage is 1051.19W, and the heat absorbed in the gasification
reduction stage is 475.02W. In order to evaluate the influence of air
equivalence ratio on energy balance during the process of biomass
partial gasification for producer gas and biochar in bubbling fluidized
bed, the absorbing heat in the pyrolysis process and the gasification
reduction process and the releasing heat in the oxidation combustion
process under different air equivalence ratios are calculated, and the
results are shown in Table 7. The results show that with the increase of
air equivalence ratio, the absorbing heat of pyrolysis process and gasi-
fication reduction process increase, and the releasing heat of oxidation
combustion process also rise. The reason is that the rise of air equiva-
lence ratio helps to increase the oxidation share of biomass particles and
enhance the rate of related oxidative exothermic reaction, thus
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increasing the releasing heat in oxidation combustion process, which is
the reason for the rise of gasification temperature in Fig. 6. The rise of
temperature promotes the rate of endothermic reaction in gasification
reduction stage, resulting in the increase of the absorbing heat in gasi-
fication reduction process. And the higher the temperature, the more
heat absorbing in the pyrolysis stage for the same reason.

4. Conclusion

In this paper, Aspen plus was used to establish a kinetic model of
biomass partial gasification for producer gas and biochar coproduction
in bubbling fluidized bed with tar reaction kinetics and biochar elements
distribution in consideration, the model were verified by relevant
experimental data and the energy balance in the pyrolysis stage,
oxidation stage and reduction stage of biomass partial gasification
process in the bubbling fluidized bed was evaluated. The results
demonstrate that this model can well predict the producer gas compo-
nents, biochar, gasification efficiency, carbon conversion ratio and their
change trends in the partial gasification process in bubbling fluidized
bed under different air equivalence ratios. The prediction results are as
follows: With the increase of air equivalence ratio(from 0.07 to 0.16),
the gasification temperature keeps rising(from 602 °C to 716 °C), the
volume contents of CO, CO2 and C,Hy, decrease continuously, the vol-
ume contents of Hy and CH,4 show an increasing-decreasing trend, but
with different turning points, and the volume content of Ny increase
continuously; tar yield decreases; biochar yield continues to decline, the
carbon and oxygen content in biochar decrease continuously, and the
ash content and volatile content also drop continuously; the gasification
efficiency and carbon conversion ratio increase, but the decreasing rate
decreases, which verified the feasibility of biomass partial gasification;
the heat absorbing from the oxidation stage in the pyrolysis stage and
reduction stage increase, and the releasing heat in oxidation stage also
rise. The model has the potential to predict the process of different
biomass partial gasification for producer gas and biochar coproduction
in bubbling fluidized bed.
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