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Abstract
Much attention has been recently paid to biomass CO2 gasification as a means of CO2 utilisation and
mitigation. In this study, a novel low-cost theoretical tool based on thermodynamic equilibrium, and a
computational fluid dynamics model are developed to analyse gasification of biomass particles in a CO2
atmosphere. It is shown that increases in C/CO2 enhances the production of hydrogen and results in
improving energy and exergy efficiencies of the process. In keeping with that reported for air
gasification, increasing the moisture content of biomass intensifies hydrogen production and reduces
the yield of CO. The effects of particle temperature on the gasification process are further explored
through a spatiotemporal analysis of the gaseous chemical species. In particular, the results reveal that
higher initial temperatures of biomass at the entrance of the reactor lead to stronger generation of
chemical entropy. Also, the time trace of entropy generation is found to be affected significantly by the
initial temperature of the biomass particle. Importantly, the relation between the particle temperature
and total entropy generation is observed to be highly nonlinear. Further, it is found that the irreversibility
of chemical reactions is the most significant contributor to the total entropy generation in the process.
Keywords: CO2 biomass gasification, Biosyngas production, Energy and exergy efficiencies,
Equilibrium and kinetic models, Unsteady entropy generation.
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1. Introduction
Biomass is regarded as a renewable energy source with growing expectations to meet the energy
demands and contribute to the reduction of carbon dioxide emissions [1]. Research on biomass-toenergy conversion has experienced a significant growth in the past decades. Direct combustion and
gasification are amongst the main technologies widely used to convert solid biomass resources into
energy for heat and power generation [2][3]. Gasification is a thermochemical process that normally
happens at around 800°C and produces gaseous fuels from solid feedstock by partial oxidation followed
by reduction. The desired products of gasification are CO, H2 and CH4 and there are also co-produced
gases such as N2, CO2 and other hydrocarbons (HC) [4][5].
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Air [6], pure oxygen [7], steam [8] and mixtures of these [9] have all been used as biomass gasification
agents in the conventional gasification processes. Similar attempts have been made on coal gasification
[10][11]. Recently, due to the increasing significance of CO2 utilisation and carbon capture and storage
(CCS), biomass gasification using carbon dioxide (CO2) as an oxidising agent has attracted much
attention [12]. Biomass CO2 gasification can be used as a compatible technology to support CO2
mitigation. It is also based upon the fact that the reaction products from the gasification process mainly
consists of CO and CO2. A high concentration of CO2 stream can be obtained through combustion of
the produced gas with O2 which can be easily sequestrated and/or recycled back to the gasifier as a
gasifying agent [13]. The CO2 gasification is, therefore, a promising and timely technology as it can
play a direct role in greenhouse gas management. Further, carbon monoxide produced in CO2
gasification can be used in many chemical processes in addition to the direct use in thermal energy
production.
Much work has been conducted to investigate general gasification characteristics on the CO2-enhanced
gasification of biomass. Chen et al. [14] conducted experiments on biomass gasification under pureair, air/steam and CO2/O2 atmospheres. They found that the higher heating values of the produced gases
are generally greater when using CO2/O2 mixtures. Mathieu and his co-worker [15] investigated the
influences of oxygen concentration and temperature of gasification medium on the gasification
efficiency. They deduced that the gasification efficiency increases by about 4.5% when the mole
fraction of oxygen was up from 21% to 40% or the temperature of gasifying agent varies from 298 K
to 1098 K. Im-orb et al. [16] studied the gasification of rice straw in varying steam-CO2 atmospheres
numerically. The results indicated that the production of CO decreases continuously along with the
increased CO2/biomass ratio while the production of H2 keeps nearly stable. Further, the increased
CO2/biomass ratio results in an increase in the cold gas efficiency. Jeremias et al. also found that the
CO2/biomass ratio has a significant effect on biomass gasification under CO2/H2O mixtures. The
experiments conducted by Sadhwani et al. [17] also revealed that the carbon conversion rate is lower in
biomass CO2 gasification compared to that with oxygen gasification. Nonetheless, the conversion rate
can be higher with increasing temperature in CO2 gasification.
In addition to the thermo-chemical performance of gasification, the second law analysis of this process
is of significance. Exergy analysis is an interdisciplinary concept that combines energy, environment,
and sustainability and normally is applied for the process evaluation and improvement [18]. Ultimately,
the efficiency of gasification process and the heating values of the produced syngas will be increased
by determining the optimal operating conditions. This will result in the production of bio-syngas with
good heating values that can be directly used for different downstream applications, while also
providing an understanding of the sources of irreversibility. It follows that it is essential to understand
both energy and exergy behaviours of biomass CO2 gasification process.
3

Ptasinski et al. [19] compared the chemical and physical exergy efficiencies of syngas/produced gases
from the gasification of coal and solid biofuels. They concluded that the solid biomass could be regarded
as a high-quality fuel when the chemical exergy efficiency is considered. Karamarkovic et al. [20],
conducted exergy and energy analyses of air gasification of biomass. These authors found that the
gasification performance improved when the moisture content in the biomass fuel was lower. Further,
the heat added into the gasification reactor intensified the production of CO and H2 and decreased the
amount of oxygen required for the complete gasification.
In general, the equilibrium model provides an approximation of the overall behaviour of the gasification
system offering the advantage of low computational cost. The outcomes of this model can be further
utilised in energy and exergy analyses of the process. Yet, the thermochemical process of biomass
gasification also involves chemical kinetics and other complex phenomena and therefore require further
investigations. In a gasification process [11], the heat from the hot surrounding gases and the thermal
radiation from the walls of the reactor are absorbed by the particles to start the drying process in which
the moisture content evaporates. This is followed by the devolatilisation process where the volatile
matters release rapidly. Afterward, the volatiles and char react with oxygen and produce gaseous species.
It is noted that the chemical reactions involved in the gasification process are in essence the same and
hence independent of the model scaling. Therefore, it is necessary to establish the numerical model in
the particle level to provide a deeper insight for the fundamental investigation of the thermochemical
processes occurring in biomass gasification. Here, it should be also noted that the Lattice Boltzmann
method applied in Rashidi et al [21][22][23] could be another interesting way to reveal heat transfer of
the gasification process numerically.
Furthermore, entropy generation is central to the analysis of most thermo-mechanical and chemical
systems [24]. In such systems, the sources of irreversibility are strongly coupled with heat transfer,
mass transfer and chemical reactions [24]. Entropy is, therefore, a key thermodynamic property in
irreversible processes such as combustion and gasification [26]. Entropy generation has been widely
used to provide understanding and a means of optimisation in thermal and thermochemical processes
[25]. Entropy generation has been widely used to provide understanding and a means of optimisation
in thermal and thermochemical processes [26][27]. So far, most studies about entropy generation in
thermochemical processes have been focused on the combustion of gaseous fuels or the behaviour under
a steady state condition [28][29]. In fact, to the best of authors’ knowledge, currently there is no
investigation on the transient entropy generation during biomass particle gasification. This concept can
be potentially applied to the analysis of CO2 gasification as a means of optimisation.
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Therefore, a systematic fundamental analysis of the biomass gasification process in CO2 atmosphere
has been less extensively studied. In order to obtain a deeper understanding of this process, the general
objective of the study is to carry out a detailed investigation of biomass CO2 gasification of biomass
based on the first and second law of thermodynamics. In particular, the syngas production, energy and
exergy efficiencies and thermodynamic irreversibility of the process are examined. The work includes
development of a thermochemical equilibrium model of gasification followed by predicting the
unsteady evolution of the gaseous species through utilising a computational fluid dynamics (CFD)
model. The entropy generation rates due to different factors and the resultant loss of exergy are further
calculated.

2. Methodologies
2.1 Thermochemical equilibrium model
Due to the very low levels of nitrogen and sulphur substances based on the ultimate analysis, biomass
feedstock can be described as 𝐶. 𝐻/ 𝑂0 for the development of this model [30][31]. Therefore, the global
gasification reaction is expressed as follows:
Cx Hy Oz + wH2 O + mCO2 → c1 H2 + c2 CO + c3 CO2 + c4 H2 O + c5 CH4

(1)

where 𝑤 and 𝑚 are the amount of water and carbon dioxide per mol of biomass fuel, respectively, and
𝑐1 , 𝑐2 , 𝑐3 , 𝑐4 and 𝑐5 are the coefficients of the gaseous products. The three independent reactions
coupled with the global reaction in the equilibrium model are given by the followings.
C + 2H) → CH*

(2)

CO + H) O → CO) + H)

(3)

C + H) O → CO + H)

(4)

Based on the elemental balance and equilibrium constants, the coefficients of gaseous products could
be found. That is:
Carbon balance: 𝑥 + 𝑚 = 𝑐) + 𝑐+ + 𝑐,

(5)

Hydrogen balance: 𝑦 + 2𝑤 = 2𝑐- + 2𝑐* + 4𝑐,

(6)

Oxygen balance: 𝑧 + 𝑤 + 2𝑚 = 𝑐) + 2𝑐+ + 𝑐*

(7)

Equilibrium constants [32]:
K1 = [CH4 ]⁄[H2 ]2 = c5 ⁄c21

(8)

K2 = [CO2 ][H2 ]⁄[CO][H2 O] = c1 c3 ⁄c2 c4

(9)

K3 = [CO][H2 ]⁄[H2 O] = c1 c2 ⁄c4

(10)

The general assumptions made in developing all equilibrium models are [33]: a) the gasifier is perfectly
mixed and the temperature is uniformly distributed, b) all the chemical reactions have sufficient time to
reach the equilibrium state, c) the pathways and formation of any intermediates are not considered, d)
tar and soot formation are excluded.
5

2.2 Exergy and energy analysis
The cold gas efficiency of the gasification process is defined as [34],
𝜂=

𝑁./0 𝐿𝐻𝑉./0
,
𝑚2 𝐿𝐻𝑉2

(11)

where 𝑁6)7 is the molar amount of the product gas, 𝑚8 is the mass of the biomass feedstock, 𝐿𝐻𝑉6)7
and 𝐿𝐻𝑉8 are the lower heating values of the product gas and biomass fuel, respectively. These values
can be calculated by the following equations [20][35]:
𝐿𝐻𝑉./0 = 282993𝑋34 + 241827𝑋5! + 802303𝑋35",

(12)

𝐿𝐻𝑉2 = (𝐻𝐻𝑉2 − 219.2𝐻)(1 − 𝑤⁄100) − 0.2453𝑤,

(13)

𝐻𝐻𝑉2 = 349.1𝐶 + 1178.3𝐻 − 103.4𝑂,

(14)

where 𝑋9: , 𝑋𝐻2 and 𝑋𝐶𝐻4 are the mole fraction of species CO, H2, and CH4 in the product gases,
respectively. Further, 𝐶, 𝐻 and 𝑂 are the mass fraction for carbon, hydrogen, and oxygen in the biomass
feedstock, respectively.
The exergy efficiency of the gasification process is defined as [19]:
𝜑=

𝐸𝑋78,./0 + 𝐸𝑋98,./0
,
𝐸𝑋2

(15)

where 𝐸𝑋,",6)7 and 𝐸𝑋=",6)7 are the chemical and physical exergy of the product gas respectively, and
𝐸𝑥8 is the exergy of the biomass fuel. These are calculated by the following relations [36]:
(16a)

𝐸𝑋𝑐ℎ,𝑔𝑎𝑠 = P 𝑁𝑖 𝑋𝑖 𝜀0𝑖 + 𝑅𝑇0 P 𝑁𝑖 𝑋𝑖 𝑙𝑛𝑋𝑖 ,
𝑖

𝑖

(16b)

𝐸𝑋𝑝ℎ,𝑔𝑎𝑠 = P 𝑁𝑖 QRℎ𝑖 − ℎ0 𝑖 S − 𝑇0 R𝑠𝑖 − 𝑠0 𝑖 ST,
𝑖

𝐸𝑋𝑏 =

1.044 + 0.016 ∙

𝐻
𝑂
𝐻
− 0.3493 ∙ ∙ V1 + 0.0531 ∙ W
𝐶
𝐶
𝐶 × 𝐿𝐻𝑉
𝑏
𝑂
1 − 0.4124 ∙
𝐶

(17)

where 𝑁𝑖 is the molar number of species 𝑖, 𝑋𝑖 is the mole fraction of species 𝑖, 𝜀0𝑖 is the standard
chemical exergy of species 𝑖 (the values are given in Table 1), 𝑅 is the ideal gas constant, 𝑇0 is the
reference environmental temperature, ℎ, and 𝑠 are the molar enthalpy and entropy of species 𝑖.
Table 1. Standard chemical exergy for each component [37]
Gas species

Standard chemical exergy (𝑘𝐽/𝑘𝑚𝑜𝑙)

𝐶𝐻*
𝐶𝑂
𝐶𝑂)
𝐻)
𝐻) 𝑂
𝑁)

8.32 × 10,
2.75 × 10,
1.99 × 10*
2.36 × 10,
1.99 × 10*
7.20 × 10)
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Here, we focused on the exergetic efficiency of the process. More information about the global exergy
balance could be found in Ref. [36].
The energy balance of the gasification process can be written as [36]:
𝐸𝑁2 + 𝐸𝑁34! = 𝐸𝑁0CD + 𝐸𝑁0ED + 𝐸𝑁FG00 .

(18)

Here, we have [36]:
𝐸𝑁2 = 𝑚2 𝐿𝐻𝑉2

(18a)

H#$%

𝐸𝑁34! = 𝑚 ∙ Y

H&

(18b)

𝐶9,34! 𝑇𝑑𝑇

𝐸𝑁0CD = 𝑁𝑠𝑦𝑛 ∙ 𝐿𝐻𝑉./0

(18c)
H#$%

𝐸𝑁0ED = 𝑁𝑠𝑦𝑛 ∙ [ 𝑋I ∙ Y
I

H&

(18d)

𝐶9,I 𝑇𝑑𝑇

where 𝑁7/C represents the molar number of the syngas.
Thus, the energy efficiency is defined as
𝜉 = 1 − 𝐸𝑁FG00 ⁄𝐸𝑁2

(19)

in which, 𝐸𝑁𝑏 , 𝐸𝑁𝐶𝑂2 , 𝐸𝑁𝑠𝑦𝑛 , 𝐸𝑁𝑠𝑒𝑛 and 𝐸𝑁𝑙𝑜𝑠𝑠 are the energy in biomass fuel, injected CO2 agent,
product syngas, sensible and loss, respectively. It should be pointed out that, as the equilibrium model
focuses on the theoretical syngas production from the feedstock and the gasification temperature is fixed
in the model, the calculation of efficiencies is regardless of the energy consumed by the gasification
equipment.
The exegetic analysis based on the equilibrium model serves as an approximation tool for performance
evaluation and optimisation of the process. This is due to the simplifying assumptions embedded in the
developed equilibrium model. More accurate outcomes are expected from the detailed numerical
analyses that will be described in the following section.
2.3 Numerical scheme and gasification model
As stated, a numerical model was developed to simulate the biomass gasification under the CO2
environment at the particle scale. The CFD model used for the biomass particle simulation was
extensively introduced and rigorously validated in Refs. [3][38][39]. Therefore, for conciseness reasons,
here only a summary of the model is provided briefly.
The considered configuration and the employed computational grid are shown in Fig. 1. The physical
system includes a cylindrical tube full of CO2 and subject to the carefully controlled thermal boundary
condition [38][39]. The gaseous medium inside the reactor has a uniform initial temperature. A biomass
particle is released from the top of the cylinder and it travels down along the centreline by the action of
gravity while disturbing the surrounding gases. The following assumptions were made throughout the
7

simulations: a) the biomass particle is spherical, b) the gaseous atmosphere is assumed to be an idealgas mixture, c) the configuration is axisymmetric, d) tar and soot formation are ignored. The governing
equations (mass, momentum, energy and species) along with the pertinent boundary conditions can be
found in Ref. [39] and are not further discussed here. The numerical modelling was conducted taking a
Euler-Lagrange approach coupled with the weighted-sum-of-grey-gases model (WSGGM) and the P-1
radiation model. Turbulence was incorporated through using a standard k-epsilon model. SIMPLE
algorithm was implemented for the velocity-pressure coupling. The simulations were run on ANSYS
FLUENT [40]. A second-order scheme discretisation scheme was applied to ensure high accuracy, and
the convergence standard was set to 10-6 for energy and radiation calculations, and 10-4 for others. An
extensive study on the grid independency was conducted with the computational cells varying amongst
18950, 29925, 37710 and 52680. The grid density with 29925 cells was applied in this work. The
operating conditions used in this study are listed as below:
Table 2. Operating conditions.
Parameters

Values

Temperature of the gasification reactor

1000 K

Temperature of the injected gas

1000 K

Velocity of the injected gas

4.55 cm/s

Temperature of the injected particle

300 K, 500 K, 800 K, 1000 K

Initial diameter of the particle

80 𝜇m

Initial velocity of the particle

15 cm/s

It is important to note that the comprehensive chemistry of the current problem is exceedingly complex
and therefore using a simplified chemical mechanism is a necessity. In choosing such mechanism,
priory was given to the reactions that dominate syngas production and thus could predict composition
of the produced gas with good accuracy. In the current study, the single rate model is used to simulate
the volatile releasing process. It is assumed that the devolatilisation is a first-order reaction [41]. The
reaction and pertinent kinetics rate that employs global kinetics are given by:
𝑹𝟏: 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 → 𝜒 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 + (1 − 𝜒) 𝐶ℎ𝑎𝑟,

(20)

𝑘1 = 𝐴1 𝑒𝑥𝑝(−𝐸𝑎1 /𝑅𝑇),

(21)

where 𝜒 defines the amount of the volatile matter in the feedstock. The pre-exponential factor and
activation energy of this devolatilization reaction are taken as 3.12 ×105 𝑠 IJ and 7.4×107 𝐽/𝑘𝑚𝑜𝑙,
respectively [41].
The reaction of char under CO2 atmosphere yields carbon monoxide (CO) through the following
heterogeneous reaction of gasification [42]:
𝑹𝟐: 𝐶(0) + 𝐶𝑂) → 2 𝐶𝑂,

(22)

𝑘2 = 𝐴2 𝑇𝑒𝑥𝑝(−𝐸𝑎2 /𝑅𝑇) ∙ 𝐶𝑐(𝑠) ∙ 𝐶,M# ,

(23)
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Further, the pre-exponential factor and activation energy are taken as 4.4 𝑠 IJ and 1.6×108 𝐽/𝑘𝑚𝑜𝑙 in
this reaction, respectively [42].
2.5 Gas-phase entropy generation
The rate of entropy generation is derived from the governing equations by applying Gibbs equation.
For maintaining conciseness, the complete derivation of entropy generation calculation is not shown
here, as it has been reported, in length, in the previous works of the authors [38][39]. In summary, the
rate of entropy generation due to heat transfer (𝐸8 ), mass transfer (𝐸L ), and chemical reactions (𝐸M ) are
presented as follows.
N

(24a)

OPQ'(
∑I (∇𝑋I )) ,
S
R
T'

(24b)

𝐸8 = H ! (∇𝑇)) ,
𝐸L =

1
𝐸M = − [ 𝜇7,I 𝜔I .
𝑇

(24c)

I

Here, 𝑇 is the gas-phase temperature, 𝜆 defines the thermal conductivity of the gas, 𝜌 is the gas density,
𝑅 is the gas constant, 𝐷$% represents the effective diffusion coefficient of the species 𝑖, 𝑀 is the average
molecular weight, 𝑋$ is the mole fraction of species 𝑖, 𝜇, denotes the specific chemical potential and 𝜔$
is the mass production rate of species 𝑖 per unit volume. Further information about the entropy
generation in the investigated reactive medium is provided in Appendix A.
Eqs. (24) represents the rate of entropy generation per unit area. Therefore, the instantaneous entropy
generation rate in the entire system can be found integrating the rate of entropy generation per unit
volume over the effective area where gasification happens (𝑠- ):
𝐸U8GFE = ∫ 𝐸𝑑𝑠V ,

(25)

in which 𝑠- is the effective area of thermodynamic irreversibility.
Lastly, by integrating and dividing the system entropy generation rate over the total time of the
gasification process, the time averaging entropy generation is expressed as:
𝐸𝑡 =

1
𝑡𝑒𝑛𝑑

𝑡𝑒𝑛𝑑

(26)

` 𝐸𝑤ℎ𝑜𝑙𝑒 𝑑𝑡.
0

The calculations of entropy generation were post-processed in a routine coded in MATLAB, and the
data required were extracted from the CFD solver.

3. Validation
Materials from Refs. [43][44] were chosen as the biomass feedstock to validate the equilibrium model
presented in Section 2.1. The basic chemical properties of these feedstock are listed in Table 3.
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Table 3. Ultimate analysis of cardboard sample (%)
Materials

C

H

O

N

Others

Ref

Cardboard

44.02

5.83

44.56

0.37

0.22

[43]

RS-550

48.73

2.21

46.23

1.35

1.48

[44]

CC

67.50

0.75

29.81

0.47

1.47

[44]

Further, a mainstream equilibrium model “GasEq” [32] that has been widely used for biomass
gasification with air was introduced and compared with the numerical predictions. Here, the new
equilibrium model proposed in this study is named “NEM”.
The comparison of the mole fraction of species H2 and CO in the product gases between the experiments
and the simulation results from the equilibrium models is shown in Table 4 (Here 𝐸𝑟𝑟𝑜𝑟 =
(|𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙 𝑟𝑒𝑠𝑢𝑙𝑡 − 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑟𝑒𝑠𝑢𝑙𝑡|)⁄𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑟𝑒𝑠𝑢𝑙𝑡 ).

It can be clearly seen that the new

equilibrium model “NEM” proposed in this study predicts the experimental results well. It features a
good match with the experimental data while the cited GasEq model [32] shows lack of accuracy. This
discrepancy indicates that switching from air to carbon dioxide as the gasification agent requires
modification of the equilibrium model. Approximate nature of the developed equilibrium model
introduces certain level of error. Also, excluding minor chemical elements, such as nitrogen and sulfur,
in the biomass feedstock leads to further error. Despite these, the error margin of the presented model
remains within an acceptable level. Therefore, it can be concluded that the equilibrium model is valid
and can support the parameter sensitivity analysis.
Table 4. The comparison among experimental data and equilibrium models.
Materials
Cardboard
RS-550
CC

Species

Experimental

NEM

Error

GasEq

Error

Data (%)[43][44]

(%)

H2

10.2

8.7

0.14

2.3

1.31

CO

27.6

27.3

0.01

45.2

0.44

H2

7.1

5.7

0.19

1.8

0.75

CO

45.3

47.1

0.04

35.8

0.21

H2

1.2

0.9

0.25

0.5

0.66

CO

21.5

24.3

0.13

31.7

0.47

(%)

Further, the computational model proposed in Section 2.2 has been rigorously validated in simulating
the single coal and biomass particle combustion process under various CO2 environments, see
[3][38][39] for the details. Due to the similarities between combustion and gasification of a single
biomass particle, the validated CFD model is used here to simulate the transient gasification process in
CO2 atmosphere.
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4. Results and Discussion
4.1 Gasification performances
The syngas production and gasification efficiencies are known to be affected by the feedstock type,
gasification agent and gasification temperature [45][46]. In this study, the effects of varying the
moisture content of feedstock, C/CO2 ratios and gasification temperatures upon the performances of the
gasification process are investigated. Here, the C/CO2 ratio is defined as the molar ratio of the total
amount of carbon in the biomass fuel to the total amount of CO2 injected into the gasifier.
The effects of moisture content and C/CO2 ratio on the syngas production when the gasification
temperature is fixed at 1000K are shown in Fig. 2. It can be seen in Fig. 2a that as the moisture content
in the feedstock increases, the mole fraction of H2 in the produced gas increases slightly. However, in
the meantime, production of CO drops from 35% to 28%. Further, the results indicate that the higher
content of moisture in biomass does not promote the production of CH4 and, consumption of CO2
remains nearly indifferent to biomass moisture content. When considering the changes in C/CO2 ratio
(Fig. 2b), it is obvious that the concentration of CO and CO2 in the product gases feature the opposite
trend. There are more CO generated as the product and less CO2 remaining as the gasification agent
when the C/CO2 ratio increases. The inverse changing trend of carbon dioxide and carbon monoxide
can be attributed to the chemical reactions between the carbon and the gasifier agent - carbon dioxide
through Boudouard reaction: C + CO# → 2CO. Further, the amount of H2 in the products shows an
increase along with the growth in the C/CO2 ratio. However, the generation of CH4 is not noticeably
affected by the variations in C/CO2 ratio and the mole fraction of CH4 is almost constant at a very low
level (1%-1.8%) with the C/CO2 ratio variation.
The lower heating value (LHV) of the produced syngas and the gasification efficiencies are calculated
to present the gasification system performance under different conditions. Here, the gasification
temperature is fixed at 1000K, and the cold gas efficiency, exergy efficiency, and energy efficiency are
calculated. Figure 3a indicates that the lower heating value of syngas slightly decreases when the
moisture content in the feedstock varies from 0% to 20%. This is because the carbon monoxide that has
a higher heating value accounts for fewer percentages in the syngas when the feedstock has a higher
moisture content (Fig. 2a). Similarly, the cold gas efficiency, exergy efficiency, and energy efficiency
all present the downward trend. More specifically, the cold gas efficiency has a small decrease from
65% to 60%, the energy efficiency from 55% to 50% and the exergy efficiency from 43% to 39%. The
higher moisture content in the feedstock absorbs more heat during the gasification process and results
in lower efficiencies. However, as shown in Fig. 3b, the influence of the C/CO2 ratio on the biomass
gasification is much more noticeable. The lower heating value of the produced syngas rises by 30%
from 230 kJ/kmol to 300 kJ/kmol when the C/CO2 ratio increases from 0.31 to 0.52, which corresponds
to the component variations of the gas mixture in the syngas (Fig. 2b). Further, the gasification
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efficiencies have an upward trend as well. This is because the mole fractions of the main components,
i.e. CO and H2, in the syngas are larger for higher C/CO2 ratios.
Different gasification temperatures are considered in this study. Figure 4 shows the effects of varying
C/CO2 ratio on the H2 and CO production, CO2 reduction and gasification efficiencies for the
gasification temperature varying from 900K to 1200K. Here, the CO2 reduction rate is defined as the
ratio between the amount of CO2 consumed during the gasification process and the amount of CO2
supplied to the system. In addition, the carbon conversion rate is defined as the ratio of the amount of
carbon contained in the syngas and the amount of carbon in the feedstock.
Firstly, Fig. 4a compares the mole fraction of hydrogen in the syngas under different gasification
temperatures and C/CO2 ratios. Evidently, for any fixed value of C/CO2 ratio, an increase in the
gasification temperature contributes to a decrease in the production of hydrogen. While under the same
gasification temperature, the yield of hydrogen rises as the C/CO2 ratio increases. Further, Fig. 4b
reports the results of CO production in the syngas under different gasification conditions. Interestingly,
the mole fraction of CO in the syngas shows the opposite trend to that of hydrogen. The higher the
gasification temperature and the higher the C/CO2 ratio, the more yield of CO is gained.
The results of the CO2 reduction rate and carbon conversion rate under varying gasification
temperatures and C/CO2 ratios are presented in Figs. 4c and 4d, respectively. These figures indicate that
the CO2 reduction rate and the carbon conversion rate inflate when the gasification temperature or the
C/CO2 ratio increases. This implies that a larger fraction of CO2 is consumed and converted into
carbonaceous compounds (CO and CH4) in the products. Meanwhile, the trends of the reduction and
conversion rate also supports the results shown in Fig. 4b in which the mole fraction of CO in the syngas
becomes higher along with increasing the gasification temperature or the C/CO2 ratio. It also indicates
that an increase in the gasification temperature promotes the chemical reactions related to CO
production. Nevertheless, for the water-gas shift reaction (CO + H# O → CO# + H# ), the conversion of
reactants to products becomes less favourable with increasing temperature due to the exothermic nature
of this reaction. This explains the decrease in the amount of hydrogen observed in Fig. 4a.
The calculated cold gas efficiency and exergy efficiency of the gasification system are reported in Figs.
4e and 4f, respectively. It is inferred from these figures that the two efficiencies have the same changing
trend. The efficiencies increase when the gasification temperature or the C/CO2 ratio grows. Further,
corresponding to the CO2 reduction and carbon conversion rate in Figs. 4c and 4d, it can be concluded
that the system performance is superior under higher temperatures and higher C/CO2 ratio conditions.
These results clearly demonstrate an important challenge faced by the CO2 gasification of biomass.
Addition of CO2 (or dropping the numerical value of C/CO2) results in the decline of gasification
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efficiencies and thus makes the process more difficult. It is therefore imperative to carefully optimise
the process of CO2 gasification of biomass. In the rest of this section, the local and total generation of
entropy during gasification process are explored to provide an insight into the mechanisms of
irreversibility and inefficiencies.
It is important to note that the energetic and energetic efficiencies are fundamentally different measures
of process performance [24][25]. It is therefore impossible to infer the behaviour of one by having a
knowledge of the other. Hence, the qualitative similarity between the energy and exergy efficiencies in
this section is a case-specific result and should not be generalised beyond the current analysis.
4.2. Spatiotemporal evolutions
The temporal evolution of the gas temperature, the mole fractions of CO, CO2 and volatile in a part of
the reactor close to the falling particle were predicted by the CFD model. The temperature of the
gasification reactor was fixed at 1000K for all simulations. The cases with the biomass particle
temperature at 500K and 1000K were selected for presentation in Figs. 5 and 6, respectively. A nearparticle window is used to present the results as chemical activities and the heat and mass transfer occur
in the vicinity of the single biomass particle. All the sub-figures have the same dimensions. The
investigation commences from a moment prior to the start of char reaction and the time intervals
between them have been maintained constant.
Figures 5a and 6a illustrate the spatiotemporal variations of the gas-phase temperature around the
biomass particle during gasification. There are no significant differences in these sub-figures, which
means the temperature of the gas surrounding the particle has not changed much during the whole
process. This is because only one single particle was injected into the reactor and the reactor was heated
to maintain a stable temperature. Further, the temperature differences caused by the gasification
reactions are quite small and the effects of the endothermic devolatilisation and Boudouard reactions
are not noticeable. Compared with the combustion of biomass and coal particles [38][39], the gas-phase
temperature variations during gasification are less obvious. It will be later shown that this affects the
generation of thermal entropy in the gasification process and makes it distinctive to that in the
corresponding combustion process.
In a sharp contrast to that of the temperature fields, the unsteady variations of the major chemical species
are quite noticeable. The formation and transport of carbon monoxide (CO) at the particle temperature
of 500K are depicted in Fig. 5b. There is no CO appearing in the leftmost subfigure representing 130ms
after the particle release. This is because the CO is generated through the char reaction (R2) which
occurs about 150ms after the particle injection. A small cloud of CO around the biomass particle is
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observed later. The growth of this cloud around the particle in the subfigures represents the increase in
the amount and concentration of CO as the gasification process and chemical reactions progress.
Figures 5c and 5d show the unsteady evolutions of the species volatile and carbon dioxide (CO2). The
volatile matter is released into the environment when the single biomass particle drops into the reactor
and the devolatilisation reaction (R1) takes place. The amount of volatile accumulates and spreads to a
larger area with time elapsing. It should be pointed out that, the contours of CO2 and volatile
concentration are in a unity of opposites. The contours in which CO2 has a lower concentration
correspond to the cases where volatile has a higher concentration. This is because, in the current
gasification model, the gaseous species are CO2, CO and volatile. As a pure CO2 environment is applied
during the single biomass particle gasification process, the amounts of CO and volatile are very small
compared to CO2. Further, the concentration of CO is much lower than that of the volatile matters.
Therefore, the clouds representing CO are negligible when looking into the concentration distribution
of CO2 and volatile.
The unsteady evolutions of the gaseous species CO, volatile and CO2 when the biomass particle
temperature is 1000K are reported in Figs. 6b, 6c, and 6d, respectively. Similar to that under 500K
(shown in Fig. 5), the subfigures represent the unsteady evolutions of these species under the biomass
gasification process. CO is generated until the char reaction is activated (85ms) and the peak
concentration is around the particle as a result of reaction (R2). The volatiles appear once the particle
is released into the reactor and the volatile matters in the reactor become evenly distributed due to their
continuous diffusion to the surroundings. A close inspection of Figs. 5 and 6 further reveals that the
initial temperature of the biomass particle has a non-trivial effect on the gasification process. The
appearance time and concentration of the gaseous species indicate that the occurrence of gasification
reactions is promoted and the rates of chemical reactions are accelerated at the higher temperature for
both devolatilisation and Boudouard reactions. Further, it is obvious that the positions of the particle
and concentration fields are much further away from the releasing point in the downward direction.
This is a consequence of different gravity and buoyancy forces acting on different chemical species. A
lengthy discussion of these effects can be found in the previous works of the authors on combustion of
biomass in a CO2 rich atmosphere [38][39].
4.3 Unsteady entropy generation
The average rate and the unsteady evolutions of entropy generation during the gasification process
under the varying initial temperature of the particle are illustrated in Figs. 7-10. The average rate of
entropy generation due to heat transfer, mass transfer, and chemical reactions are calculated by timeaveraging the integrated entropy generation. It is worth noting that in the current problem, the frictional
irreversibility is negligibly small and is therefore excluded. Figure 7 shows the results of these
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calculations. Here, the time interval considered for the averaging is 280ms after the particle drops. This
figure demonstrates that the irreversibility encountered by the chemical reactions is the most significant
contributor to the total entropy generation amongst the three identified sources of irreversibility (i.e.
chemical, thermal and mass transfer irreversibility). This is in keeping with that found in a combustion
of single coal or biomass particle combustion [38][39]. The irreversibility due to heat transfer accounts
for the least entropy generation, especially for the case in which the particle temperature is set to 1000K.
This is, of course, very different to that observed in gas-phase combustion process for which thermal
irreversibility is often a major source of entropy generation [39][47][48]. Further, the entropy
generation rates by both mass transfer and chemical reactions rise when the particle temperature
increases. This is due to the fact that the chemical reaction rates are higher, and the amounts of reaction
products are bigger under higher temperature conditions. Further, there is a growth in the chemical
entropy when the particle temperature increases from 500K to 800K. However, due to the smaller
temperature gap between the particle and the surroundings, the generation rate of thermal entropy drops
accordingly as the particle temperature increases. Figure 7 implies that, in general, the relation between
particle temperature and entropy generation is highly nonlinear. This is mainly due to the very strong
temperature dependency of the chemical entropy generation. It is noted that while this quantity does not
change considerably between 300K and 500K, an increase of temperature to 800K causes a major
inflation in the generation of entropy through the chemical mechanism.
Figure 8 shows the time traces of entropy generation caused by heat transfer, mass transfer, and
chemical mechanisms during the particle gasification. The temporal variation of entropy generation by
the stated three mechanisms is integrated over the part of the reactor in which there exit temperature
species gradients. It is observed that the different sources of irreversibility share the same order of
magnitude except for the condition that the initial particle temperature is 1000K. Further, the qualitative
behaviours of the sources of irreversibility are quite similar. The endothermic devolatilisation process
causes the temperature difference in the reactor and the thermal source of irreversibility appears at the
very beginning. Once the volatile is released through the devolatilisation, the mass transfer entropy is
generated by the diffusion of species to the surroundings. The chemical entropy generation takes place
when the char reaction (R2) occurs. It needs to be pointed out that the thermal entropy is about five
orders of magnitude smaller than the mass and chemical entropy when the particle temperature is 1000K.
This corresponds to the result presented in Fig. 7 where the average rate of entropy generation at the
particle temperature of 1000K can be ignored. The higher the temperature of the particle is, the earlier
the peak of the mass transfer entropy generation and the greater peak value appears. The chemical
source of irreversibility experiences a rising process in all investigated cases and the duration of the
rising process is influenced by the particle temperature. The higher particle temperature results in a
shorter rising process. Further, entropy generation by the chemical mechanisms declines along with the
depletion of the biomass particle and the completion of the transient gasification process.
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Figures 9 and 10 illustrate the spatiotemporal evolutions of entropy generated by heat and mass transfer
as well as chemical reactions for the selected instances of time and varying particle initial temperatures.
The horizontal axis of the subfigures represents the radial distance from the reactor centreline, and the
vertical axis represents the downward vertical distance from the particle releasing point. Figure 9 shows
that, prior to the char reaction, the irreversibility from the chemical mechanisms is zero, while there
was a finite value for the sources of irreversibility by heat and mass transfer. Due to the endothermic
devolatilisation, there is a distribution of thermal entropy along the particle travelling path. Diffusion
of the produced volatile to the surrounding gaseous medium results in entropy generation by the mass
transfer. This is the most significant contributor of the total entropy generation prior to the char reaction.
As the gasification process continues, the spatial distribution of entropy generation by mass transfer
further shows that there are two sources that contribute to it after the onset of char reaction. The first
one close to the top of the reactor is resulted by the release and diffusion of the volatile from the
devolatilisation process. The second source is in the vicinity of the particle and is caused by the
production and diffusion of CO from the char reaction (R2). A comparison between the two sources
shows that the second source of irreversibility is much smaller. This is mainly due to the lower
generation of CO than that of volatile which has been indicated with the values of concentrations in
Figs. 5 and 6. As depicted by Fig. 10, the slow mass transfer of gaseous species in the late stage of the
particle gasification also indicates the decrease of mass transfer irreversibility at different moments of
time. The generation of chemical entropy appears clearly after the initiation of char reactions. It is
important to note that, the chemical source of irreversibility maintains a high value for a relatively long
time while the entropy generation by heat and mass transfer decreases rapidly from the peak moment.
This result is also reflected by the average entropy generation rates of the whole process (Fig. 7) and
the history of the entropy generation (Fig. 8).
Figure 10 reports the spatial distribution of entropy generation by heat and mass transfer and chemical
reactions when the particle temperature increases to 1000K. It can be seen that the increase of particle
temperature has shown no qualitative changes in the entropy generations. However, compared with
those in the corresponding subfigures of Fig. 9, the values of entropy generation from mass transfer and
chemical reactions increase while that from heat transfer decreases significantly. Once again, this
indicates that the mass transfer and chemical sources of irreversibility dominate the generation of
entropy under higher temperature conditions, which is consistent with the results shown in Figs. 7 and
8.
It is finally emphasised that the temperature dependency of gasification makes entropy generation a
function of temperature. Here, the analysis was conducted at constant reactor temperature of 1000K and
only the effects of the initial temperature of the particle were investigated. It remains as a future task to
explore the effects of different gasification temperatures upon the entropic behaviours of the process.
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5. Conclusions
Aiming at provision of a systematic investigation of the gasification of a single biomass particle in CO2
atmospheres, an equilibrium model was developed and validated against the reference data. Syngas
production, carbon, and CO2 conversion rates and energy efficiencies obtained from the analyses were
subsequently analysed. Further, an axisymmetric CFD model was established to simulate the
gasification process. Through using this model, the transient evolutions of the chemical species and gas
temperature as well as those of entropy generations were investigated. The main results of this study
are summarised below.
•

For a given gasification temperature, as the moisture content in the feedstock increases, the
production of CO, the lower heating value of the syngas and the energy and exergy efficiencies
decrease while the production of H2 increases. However, the increasing C/CO2 ratio promotes
the CO and H2 generation, which then leads to improvement of the gasification performance.

•

When the moisture content in the biomass is fixed, the syngas production, the carbon, and CO2
conversion rate and the efficiencies feature the same trend. All these values increase when the
gasification temperature or the C/CO2 ratio increases, and they are more sensitive to the C/CO2
ratio variations than the gasification temperature.

•

The spatiotemporal variations of the gaseous species (CO, CO2 and volatile) indicate that the
particle temperature has a significant effect on the completion and duration of the gasification
process. The higher particle temperatures promote the chemical reaction rate and consequently,
shorten the gasification process significantly.

•

Entropy generation by chemical reactions is the dominant contributor to the total entropy
generation during the CO2 gasification of biomass particles. The higher particle temperatures
tend to substantiate the average rate of chemical entropy generation. However, the thermal
source of irreversibility declines when the temperature difference between the reactor and
particles becomes smaller, and it is practically negligible compared to the entropy generation
by the mass transfer and chemical reactions.

Appendix A. Derivation of unsteady entropy generation
The unsteady entropy generation model is on the basis of the governing equations and Gibbs equation
[49]. It can be derived by following the steps below:
Firstly, the equations representing the conservation of mass, energy and chemical species in the CFD
model of this study are the followings:
𝜕𝜌 𝜕
𝜕
𝜌𝑢M
+ (𝜌𝑢^ ) + (𝜌𝑢M ) +
= 0.
𝜕𝑡 𝜕𝑥
𝜕𝑟
𝑟

(𝐴1)
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Considering the entropy generation in the gas-phase of the gasification process, the Gibbs equation here
is expressed by:
1
𝑇𝑑𝑠 = 𝑑𝑢 + 𝑝𝑑 w x − [ 𝜇7,I 𝑑𝑌I .
𝜌
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An algebraic manipulation of Eq. (A4) is written as,
𝑇
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in which 𝜇,,$ = kkkk/𝑀
𝜇,,+ $ is the specific chemical potential.
By substituting the conservation equations Eqs. (A1) -(A3) into the Eq. (A5) and multiplying the
result by 𝜌/𝑇 , it gives:
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Then, it can be then reformulated as
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The entropy flux is obtained from Ref. [50] when considering the entropy change:
𝑞⃗
1
𝑠⃗ = • ‚ − [ 𝜇7,I 𝜌𝑌I }}⃗
𝑉a .
𝑇
𝑇

(𝐴8)

I

and
σ=−

𝑞⃗
Φ 𝜌
1
1
1
}}⃗a − [ 𝜇7,I 𝜔I + [u𝜇7,I 𝜌𝑌I }}⃗
∙ ∇𝑇 + + [ 𝑌I }𝑓⃗a ∙ 𝑉
𝑉a v ∙ ∇𝑇 − [ 𝜌𝑌I }}⃗
𝑉a ∙ ∇u𝜇7,I v.
𝑇)
𝑇 𝑇
𝑇
𝑇)
𝑇
I

I

I

(𝐴9)

I

Equation (A9) can be converted into a form similar to that given by Carrington and Sun [51]:
σ=−
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Here, 𝑞⃗ is defined as the total heat flux and is expressed by:
𝑞⃗ = −𝜆 ∙ ∇𝑇 + 𝜌 ∑ 𝑌I }}⃗
𝑉a ℎI ,

(𝐴11)
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Give the assumption that ignoring the irreversibility caused by the viscous dissipation [52]. Here are:
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Combining the equations Eqs. (A11)-(A14), the entropy generation of the process can be written in
the following form:
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Therefore, the rate of entropy generation caused by heat transfer (𝐸" ), mass transfer (𝐸% ), and
chemical reactions (𝐸* ) can be obtained from the right-hand side of the equation.
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Figure. 1: Schematic view of the computational domain.

a. varying moisture content in feedstock (C/CO2=0.32).

b. varying C/CO2 ratio (moisture content=0.96%).

Figure 2. Syngas production under varying conditions when gasification temperature is 1000K.
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a. varying moisture content in feedstock (C/CO2=0.32).

b. varying C/CO2 ratio (moisture content=0.96%).

Figure 3. Gasification efficiencies and LHV (kJ/mol) of syngas under varying conditions when gasification temperature is
1000K.
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a. H2 production

b. CO production

c. CO2 reduction rate

d. carbon conversion rate

e. cold gas efficiency

f. exergy efficiency

Figure 4. Effect of C/CO2 ratio on biomass gasification when the gasification temperature varies (moisture content=0.96%).
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Figure 5. Spatiotemporal evolution of biomass gasification process when particle temperature is 500K
(130ms, 160ms, 190ms, 220ms, 250ms).
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Figure 6. Spatiotemporal evolution of biomass gasification process when particle temperature is 1000K
(40ms, 70ms, 100ms, 130ms, 160ms).
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Figure 7. Compared total generation of entropy under various particle temperature conditions.

29

a. Particle Temperature 300K.

b. Particle Temperature 500K.

c. Particle Temperature 800K.

d. Particle Temperature 1000K.

Figure 8. History of entropy generation by different sources of irreversibility.
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Figure 9. Spatiotemporal evolution of entropy generation rate per unit volume (W/m2K) under particle temperature of 1000K.
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Figure 10. Spatiotemporal evolution of entropy generation rate per unit volume (W/m2K) under particle temperature of 300K.
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