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Biomass gasification with air in autothermal gasifiers is studied and compared with another fuel from
thermodynamic aspect. The results indicate that the chemical energy values of product gases from
biomass are 2.16-5.20 times as the corresponding physical energy values, while the chemical exergy
values are 4.50-13.45 times as the corresponding physical exergy values. The energy and exergy effi-

ciencies of biomass gasification are respectively in ranges of 52.38-77.41% and 36.5-50.19%, and mainly
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increase first and then decline when ER or gasification temperature increases. Higher carbon and hydro-
gen content in the ultimate analysis generates higher gaseous energy and exergy values, while results
in lower energy and exergy efficiencies. Higher ash content makes biomass produce lower energy and
exergy values/efficiencies.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Yielding less SO, and NOy emissions respectively due to less
content of S and N, and the product CO, can be fixed in plant
by photosynthesis, biomass is environmentally friendly. Its appli-
cation is interested by many researchers in the world. Biomass
gasification is one of the most promising conversion technologies
[1]. In autothermal gasifiers, fuel reacts with gasification agent
and produces heat to sustain high temperature atmosphere for
the other reactions. Being simple and practicable, biomass gasifi-
cation with air in autothermal gasifiers is widely studied and used
[2-4]. Based on the first law of thermodynamics, mass and energy
analyses are widely conducted on energy utilization. Unlike mass
and energy analyses, exergy analysis is mainly based on the sec-
ond law of thermodynamics, and does not obey conservation law
for the unavoidable irreversibility of reaction processes. Further-
more, information for exergy calculation and analysis is limited
because chemical exergy values of gases are rare. Compared with
mass and energy analyses, exergy analysis is more difficult, and
exergy studies are less on energy utilization, especially on biomass
gasification. Therefore, this paper focuses on energy and exergy
analyses of biomass gasification.

* Corresponding author. Tel.: +86 451 86412078; fax: +86 451 86412078.
E-mail address: libx@hit.edu.cn (B. Li).

Abuadala et al. [5] evaluated biomass gasification for dry hydro-
gen from energy and exergy aspect, the gasification agent is
steam. Rao et al. [6] conducted energy and exergy analyses on
refuse gasification in a countercurrent fixed-bed gasifier. Prins
et al. [7] compared the exergy efficiency of biomass gasifica-
tion with that of coal gasification by using Aspen Plus software.
Based on equilibrium model, Karamarkovic et al. [8] studied the
energy and exergy efficiencies of biomass gasification at differ-
ent temperatures, while Prins et al. [9] compared energy and
exergy analyses of biomass air gasification with steam gasifica-
tion. Ptasinski et al. [1] used equilibrium and quasi-equilibrium
models to compare the thermodynamic efficiency of biomass
gasification with that of coal gasification. Pellegrini et al. [10]
applied the non-stoichiometric approach to the chemical equi-
librium model for sugarcane bagasse gasification from exergy
aspect.

In autothermal gasifiers, the temperature is determined by
the equivalence ratio (ER, the used air for gasification divided
by the required air for stoichiometric combustion). To ensure
the high temperature for gasification, air/oxygen is usually used
as agent. This paper aims to evaluate biomass gasification with
air in autothermal gasifiers from energy and exergy aspect.
Specifically, this paper studies the energy and exergy distribu-
tion, the energy and exergy efficiencies, and compares these
with another fuel which has significant difference in compo-
sition. The factors (ER and gasification temperature) are also
analyzed.
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Nomenclature

a,d coefficients of constant pressure specific heat capac-
ity

CS weight fractions in ultimate analysis

H,, CH; molecular formulas or volume fractions of gases

ex standard specific exergy (k] kmol—1)

En energy rate (kW)

Ex exergy rate (kW)

En energy based on one kilogram of biomass (K])

Ex exergy based on one kilogram of biomass (k]J)

Cp constant  pressure specific heat capacity

(K] kmol~1K-1)

mass flow rate (kmols~! or kgs1)
gravitational acceleration (ms—2)
velocity (ms-1)

height (m)

temperature (K)

pressure (Pa)

specific enthalpy (k] kmol~1)
specific entropy (k] kmol~1 K-1)

T THN<® 3

Greek letters

B correlation factor

n efficiency or percentage
Superscripts

0 standard

ki kinetic

po potential

ph physical

ch chemical

Subscripts

0 ambient condition

air related to air

gas related to gases

tar related to tar

uc related to unreacted carbon
loss related to the lost

biomass related to biomass

Abbreviations

ER equivalence ratio

LHV low heating value (M] kg~1)
HHV high heating value (MJ kg~1)

2. Thermodynamic analysis

Fig. 1 illustrates the schematic diagram of autothermal gasifiers.
Based on this diagram, thermodynamic studies are performed.

2.1. Mass conservation

The mass entering the autothermal gasifier contains biomass
and air. The products of gasification are product gas, ash and
unavoidable byproducts (tar and unreacted carbon). The mass con-
servation embodies:

Mpiomass 1 Mair = Mgas + Mtar + My + Magh (1)

where Mpijomasss Mair» Megas, Mtar, Muc and r,g, denote the mass
rates of biomass, air, product gas, tar, unreacted carbon and ash,
respectively.

Product gas

I

Biomass, Tar
: Gasifier

__Ar T Heat
| R

Unreactqd carbon
~and Ash

Fig. 1. Schematic diagram of autothermal gasifiers.

2.2. Energy conservation

An autothermal system is heated by itself. The oxidation
between biomass and air provides heat and sustains a high tem-
perature atmosphere for the other reactions in gasifier. The energy
transferred from the gasifier can be described by Fig. 1. According
to energy conservation law, the corresponding energy balance of
an autothermal gasifier can be written as:

Enbiomass + Enair = Engas + Engar + Enge + Enloss (2)

where Enlpiomasss EMairs Efgas, Entar, Enye and Enjoss represent the
energy rates of biomass, air, product gas, tar, unreacted carbon and
the lost part, respectively. Enj. relates to the energy from ash and
the lost heat.

The total energy of a stream flow is:

En = En + EnPO 4 EnPP 4 Enh (3)

Here, Enki, EnPo, EnPh and Enh represent the kinetic, potential, phys-
ical (or sensible [11]) and chemical energy rates of the stream,
respectively. Neglecting EnKl (= mV?2/2) and EnP® (= 1hgZ), Eq.
(3) reduces to:

En = EnP? 4 Enh (4)
For combustible gases, Eq. (4) equals:
En = m(h + HHV) (5)

where i, h and HHV represent the mass flow rate, specific enthalpy
and high heating value of the stream, respectively. The above equa-
tion is suitable for air, product gas and tar. While for biomass and
unreacted carbon, the total energy can be simplified to:

En = mHHV (6)

The specific enthalpy of a component is:

T
h:h0+/ cp dT (7)
To

where h and hg respectively represent the specific enthalpy at the
specified temperature Tand the environmental temperature Ty. The
specific enthalpy values of some gases at the environmental tem-
perature are shown in Table 1. ¢p is the constant pressure specific
heat capacity in k] kmol~! K~1, and the empirical equation is:

Cp =a+bT +cT? +dT3 (8)

The coefficients a-d of constant pressure specific heat capacity of
some gases are given in Table 2.

The high heating value of biomass (HHVp;omass) can be exper-
imentally measured or calculated from the proximate [13] or
ultimate [14] analysis of biomass. When the LHV of biomass is
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Table 1
Specific enthalpy, entropy and standard chemical exergy of some gases at 25°C,
1atm.

Gas 2ho (k] kmol~1) 5o (k] kmol~1 K1) bex<h (k] kmol-1)
N2 8669 191.502 720

0, 8682 205.033 3970

H, 8468 130.574 236,100

Cco 8669 197.543 275,100

CO, 9364 213.685 19,870

CH4 - - 831,650

2 From [12].

b From [18].

given, the HHV can be obtained by the following correlation [15] in
MJkg1:

HHV = LHV + 21.978H (9)

Here, H is the weight fraction of element H in the ultimate analysis.
The heating value of dry gas can be estimated from the following
[16]:

HHV = 12.75H, + 12.63CO + 39.82CH4 + 63.43C,Hs +---  (10)

Here, H,, CO, CH4 and C;Hy indicate the volume or molar fractions
of H,, CO, CH4 and C;Hy in the dry gas in %, respectively.

2.3. Exergy analysis

Unlike mass and energy, exergy does not obey conservation law
for the unavoidable irreversibility of reaction processes. If the irre-
versibility is considered to the lost part, an exergy balance can also
take shape. The exergy balance for Fig. 1 can be written as:

Exbiomass + Exair = Exgas + EXtar + EXuc + Exloss (11)

where EXpiomass» EXair» EXgas, Extar and Exyc represent the exergy rates
of biomass, air, product gas, tar and unreacted carbon, respectively.
Ex)oss denotes the exergy rate lost from this system, and it includes
the exergy from ash, lost heat and irreversibility of the process.
Being similar to energy, the total exergy of a stream can be
simplified when neglecting the kinetic and potential exergy:

Ex = ExPP 4+ Exh (12)

Here, ExPM and Ex represent the physical and chemical exergy
rates of the stream, respectively. The physical exergy rate is defined
as:

ExPP = tia[(h — ho) — To(s — 50)] (13)

where i is mass flow rate of the stream in kmols~1. s and sg
denote the specific entropy in k] kmol~1 K-! at the specified state (P
and T) and the environmental condition (Py =1 atm and Ty =298 K),
respectively. The specific entropy values of some gases are in
Table 1.

The physical exergy of biomass at environmental state is zero,
then the exergy rate input by biomass can be calculated by a sta-
tistical correlation [17]:

EXbiomass = ﬂmLHvbiomass (14)

Table 2

Coefficients of constant pressure specific heat capacity of some gases [12].
Gas a b(x1072) c(x107°) d(x1079) Range (K)
N, 28.90 -0.1571 0.8081 -2.873 273-1800
0, 25.48 1.520 -0.7155 1.312 273-1800
H, 29.11 -0.1916 0.4003 -0.8704 273-1800
co 28.16 0.1675 0.5327 —2.222 273-1800
CO, 22.26 5.981 -3.501 7.469 273-1800
CH4 19.89 5.024 1.269 -11.01 273-1500

Table 3
B, LHV, HHV and exergy of fuels.

Fuel B LHV (MJkg ') HHV(MJkg')  EXpiomass (MJ kg™ 1)
Wood chip 1.19 15936 17.057 18.964
Pine sawdust 1.16  18.338 19.590 21.217
Rice husk 1.18  14.220 15.411 16.723
Polypropylene  1.05 42.001 44.700 43.962

Here, B is a correlation factor, and can be calculated from [17]:

_1.044 4 0.0160H/C — 0.34930/C(1 + 0.0531H/C) + 0.0493N/C

p 1-0.41240/C

(NC <2)
(15)

where C, H, O and N are the weight fractions of carbon, hydrogen,
oxygen and nitrogen in the ultimate analysis of biomass, respec-
tively.

The chemical exergy rate is defined as:

ExM = riexch (16)

where ex" is the standard chemical exergy of the material. The
standard chemical exergy values of some components are given in
Table 1.

2.4. Energy and exergy efficiencies

To comprehensively evaluate biomass gasification, both energy
and exergy efficiencies are introduced. 4 is the gas energy divided
by the total input energy. 1, is the gas exergy divided by the total
input exergy. They are defined:

E
M=— 8 100% (17)
Enbiomass + Enair
E
. Xgas « 100% (18)

Exbiomass + Exair
3. Results and discussion

To study biomass gasification with air in autothermal gasifiers
from thermodynamic aspect, some cases are selected. Data of wood
chip, pine sawdust, rice husk and polypropylene are respectively
from early literatures [2-4,19]. Polypropylene is gasified in a flu-
idized bed gasifier, wood chip and pine sawdust are in bubbling
fluidized bed gasifiers, and rice husk is in a dual distributor type
fluidized bed gasifier. The gasification agents are air. Polypropylene
is the main and typical composition of waste (municipal refuse). It
is not real biomass, and has significant difference in composition.
In this paper, we compare it with biomass to get some conclusions.

3.1. Calculation

The HHVs of wood chip and polypropylene are directly from the
corresponding references, while literatures [3,4] respectively men-
tioned the LHVs of pine sawdust and rice husk. The transformation
between HHV and LHV follows the correlation Eq. (9). 8 is calcu-
lated from Eq. (15), and the exergy values of biomass (Expjomass) are
from Eq. (14). 8, LHV, HHV and exergy of the fuels are displayed in
Table 3.

Table 4 displays the specific enthalpy, specific entropy and air
energy on the base of one kilogram of fuel. The values of specific
enthalpy and entropy of H,, CO, CO,, and N, are looked up according
to the corresponding temperatures in Ref. [12], while that of CH,4 are
calculated from Eqgs. (7) and (8). Here, we neglect the other product
gases such as acetylene (C;H,) and ethylene (C;Hy), for they are
very small in quantity. Gas yields and the HHVs are also presented
in Table 4. The energy values of product gases (Engas) and air (Eng;;)
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Table 4
Specific enthalpy and entropy, gas yield, gas HHV and air energy.
Fuel ER Specific enthalpy (k] kmol-') Gas (Nm3kg1) HHV (M]JNm~3) Engi; (K])
Specific entropy (kJ kmol~' K1)
H, co o, N, CH,c
030 20013 20378 26,631 20,297 18,867 \o7 190 so14
: 155.19 22251 249.95 216.31 39.25 - ' :
21,191 21,628 28,622 21,529 21,198
036 156.85 22427 25276 218.06 4251 222 4.92 364.1
20,807 21,472 28,372 21375 20,680
A 038 15633 224.05 252.41 217.84 4186 231 494 395.5
041 20,454 21,002 27,622 20,912 19,733 240 . s
: 155.82 223.40 251.37 217.19 4047 - ' :
22,757 23367 31,410 23,242 24,406
043 158.91 226.56 256.44 22031 46.74 253 397 673.8
25,342 26,091 35,821 25,928 29,477
0.26 162.03 229.86 261.77 223.56 52.20 21 460 452.7
030 23,557 24,164 32,694 24,027 25,598 23 430 5579
. : 159.91 227.56 258.05 221.30 47.20 : ' :
24,151 24,803 33,730 24,658 26,872
036 160.64 22834 25931 222.07 49.15 24 460 626.8
22372 22,890 30,644 22,772 23,109
0.47 158.42 225.95 255.45 219.71 44.45 25 370 818.3
24,359 25,124 34,251 24,974 27,516
0.25 160.89 228.72 259.93 222.45 49.91 1.49 438 306.0
27,197 28,211 39,268 28,016 34,163
c 030 164.09 23220 265.59 225.87 58.08 n 354 4153
29,608 30,854 43,587 30,620 39,324
035 166.56 234.92 270.02 228.54 62.63 1.97 315 484.5
28,430 29,528 41,415 29314 36,530
020 165.38 233.92 267.84 227.23 50.83 1.99 11.38 1930
30,364 31,855 45228 31,607 41,590
025 167.30 235.89 271.62 22950 64.83 250 9.10 2412
32,008 33534 47,982 33260 45175
R 030 168.84 237.46 279.07 231.05 68.18 289 7.94 2896
035 32,802 34,546 49,648 34,259 47,615 226 . 4378
: 169.56 23837 275.69 231.95 70.39 - :
34,028 35,733 51,602 35,430 50,327
040 170.64 239.41 277.40 23297 72.75 354 6.05 3860
oss 34,954 36,751 53286 36,441 52,607 588 “16 s
: 171.42 240.33 278.83 23383 74.68 . :

A-D denote wood chip, pine sawdust, rice husk and polypropylene, respectively.
¢ Represents h —hp and s — sp.

are computed from Eq. (5), while the exergy values of product gases
(EXgas) are from Egs. (12), (13) and (16).

3.2. Energy and exergy distribution

Fig. 2 exhibits the energy distribution of product gases for
wood chip, pine sawdust, rice husk and polypropylene. On the
whole, the chemical energy values (dense grid) of product gases
are much higher than the corresponding physical energy val-
ues (sparse grid). Specifically, the chemical energy values are
2.16 (rice husk, ER=0.35)-5.20 (wood chip, ER=0.32) times as
the corresponding physical energy values for biomass, while 2.91
(ER=0.45)-8.26 (ER=0.20) for polypropylene. This relationship
is mainly resulted from the fact that product gases have much
higher heating values than the corresponding enthalpy values.
For example, the high heating value of H, at the environmental
condition (1atm, 25°C) is 141,800k] kg~ [12], while the corre-
sponding enthalpy is about 3829 k] kg~ (calculated from the datum
in Ref. [12]). Additionally, C;Hp, is included in energy calculation
(while neglected in exergy calculation), also contributes. Based
on 1kg fuel, the total energy values (physical and chemical) of
product gases are between 8253.49Kk] (rice husk, ER=0.25) and
13,791.31 K] (pine sawdust, ER=0.36) for biomass, being much
lower than the 25,390.38-28,089.31 k] for polypropylene. This is
because polypropylene has much higher carbon and hydrogen in

the ultimate analysis than that of biomass. The carbon and hydro-
gen weight percentages (dry ash-free basis) in polypropylene are
respectively 86.42% and 12.28% [19], while that in biomass respec-
tively range in 46.4-50.0% and 5.7-6.775% [ 2-4]. Hence, polypropy-
lene needs more oxygen or air (higher ER) to be gasified [1].
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Fig. 2. Energy distribution of product gases.
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Fig. 3. Exergy distribution of product gases.

Rice husk shows lower total energy values (Fig. 2) than wood
chip and pine sawdust, for it has higher ash content. The ash content
of rice husk is 20% [4], while that of wood chip and pine sawdust
are about 1% [2,3].

In Fig. 3, the chemical exergy values of product gases are
4.50 (rice husk, ER=0.35)-13.45 (wood chip, ER=0.32) times as
the corresponding physical exergy values for biomass, while 4.73
(ER=0.45)-9.28 (ER=0.20) for polypropylene. On the whole, the
physical, chemical and total exergy values of product gases are
much lower than the corresponding energy values (Fig. 2). This
is in agreement with the other researches [1,8]. The trend of
exergy value is nearly the same as that of energy value except
for polypropylene. The energy value of polypropylene increases
first and then declines (Fig. 2), while the exergy value increases
monotonously (Fig. 3). This is because C;H;, is included in the
energy value, while neglected in the exergy value.

3.3. The influence of ER on energy and exergy efficiencies

Fig. 4 exhibits the influence of ER on energy and exergy effi-
ciencies of product gases for wood chip (a), pine sawdust (b),
rice husk (c¢) and polypropylene (d). It is obvious that the energy
efficiencies are much higher than the corresponding exergy effi-
ciencies, this accords with the simulation results in Ref. [1]. The
energy efficiencies of biomass gasification are between 52.38%
(rice husk, ER=0.25) and 77.41% (wood chip, ER=0.38), while
that of polypropylene gasification are from 54.45% (ER=0.20) to
58.43% (ER=0.35). The exergy efficiencies of biomass gasification
are between 36.5% (rice husk, ER=0.25) and 50.19% (wood chip,
ER=0.38), this is higher than the 31-35% of coal and biomass co-
combustion in an atmospheric bubbling fluidized bed chamber
[20] and in agreement with the 37% of a power plant [21]. The
exergy efficiencies of polypropylene gasification are from 26.62%
(ER=0.20) to 43.06% (ER = 0.45). Although polypropylene has much
higher energy (Fig. 2) and exergy (Fig. 3) values than biomass, the
energy and exergy efficiencies are lower.

Air exergy (Ex,;;) is zero at the environmental condition, and
the energy values (Table 4) of air are relatively very low, the energy
and exergy efficiencies are hence mainly determined by the energy
and exergy values of product gases, respectively. The energy values
of product gases (Fig. 2) are much higher than the corresponding
exergy (Fig. 3) values, while the denominators of the two efficien-
cies in definitions (17) and (18) are equal or approaching to each
other, this makes the energy efficiencies be much higher than the
corresponding exergy efficiencies.
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Fig. 4. Influence of ER on energy and exergy efficiencies of product gases for wood
chip (a), pine sawdust (b), rice husk (c) and polypropylene (d).
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product gases for wood chip (a), pine sawdust (b), rice husk (c) and polypropylene

(d).

In Fig. 4(a) and (b), the energy and exergy efficiencies increase
first and then decline when ER increases, and the critical points
are between 0.36 and 0.40. This is because the total energy (Fig. 2)
and exergy (Fig. 3) values increase first and then reduce when ER
increases.

In Fig. 4(c), when ER increases from 0.25 to 0.35, both the energy
and exergy efficiencies rise monotonously. We can foresee that
these two efficiencies will be reduced by the increasing N, which
has low energy and exergy values (Table 1), and perhaps the critical
ERs are in the range of 0.36-0.40.

For polypropylene (Fig. 4(d)), the energy efficiency rises first and
then declines in the discussed ER 0f 0.20-0.45, while the exergy effi-
ciency increases monotonously. They are mainly determined by the
energy values (Fig. 2) and exergy values (Fig. 3), respectively. In fact,
if C;H, which can get to 8.37 vol% of the dry gas yield is neglected
from the calculation of HHV or energy value of the product gas,
the energy efficiency will keep pace with the exergy efficiency, and
both of these two efficiencies will rise when ER increases from 0.20
to 0.45. Additionally, resulting from the dilution of N, [22], both
the energy and exergy efficiencies will definitely decline when ER
is high enough.

Generally speaking, the typical trend is that the exergy efficiency
keeps pace with the energy efficiency, and both of them increase
first and then reduce when ER increases. Hence, a proper ER should
be employed to get higher energy and exergy efficiencies. In this
paper, the optimum ER for biomass gasification in autothermal
gasifiers seems to be in 0.36-0.40.

3.4. The influence of gasification temperature on energy and
exergy efficiencies

Fig. 5 shows the influence of gasification temperature on energy
and exergy efficiencies of product gases for wood chip (a), pine saw-
dust (b), rice husk (c) and polypropylene (d). This is very similar
to the situation in Fig. 4. We should mention that from 460°C to
513°C in Fig. 5(a), it seems that both the energy and exergy effi-
ciencies decrease and then increase, this is not the same as the
monotonous decrease after the first critical points in Fig. 4(a). In
fact, if we chose the straight pattern when drew the figures, the
trend will be harmonious for Figs. 4(a) and 5(a). Therefore, gasi-
fication temperature and ER have similar influence on the energy
and exergy efficiencies of biomass gasification. In fact, gasification
temperature in autothermal gasifiers is determined by ER.

4. Conclusions

Based on the gasification of wood chip, pine sawdust and rice
husk, the chemical energy values of product gases are 2.16-5.20
times as the corresponding physical energy values, while the
chemical exergy values are 4.50-13.45 times as the correspond-
ing physical exergy values. Polypropylene has higher carbon and
hydrogen content in the ultimate analysis, and generates higher
gaseous energy and exergy values (while has lower energy and
exergy efficiencies). The higher ash content makes rice husk pro-
duce lower energy and exergy values/efficiencies.

The energy efficiencies of biomass gasification are between
52.38% and 77.41%, while the exergy efficiencies range in
36.5-50.19%. The energy values of product gases are much higher
than the corresponding exergy values, this results in higher energy
efficiencies.

The energy and exergy efficiencies are mainly in accordance,
and increase first and then decline when ER increases. In autother-
mal gasifiers, gasification temperature is determined by ER, so its
influence on energy and exergy efficiencies is similar to that of ER.
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