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ABSTRACT: This study evaluates the biomass-to-synthetic natural gas (SNG) using calcium looping gasification (CLG) with
CaO sorbent (CLG-SNG) via thermochemical methods. The CLG-SNG process consists of three steps in sequence: steam
gasification in situ CO, capture using CaO sorbents, gas cleaning, and methanation. The concept of interconnected fluidized beds
was adopted for repeated carbonation/calcination cycles of CaO sorbents in the gasification unit. A process simulation was
conducted based on the chemical equilibrium method using Aspen Plus. Then, the effects of some key variables on the
thermodynamic performances, such as the gas composition, yield of SNG (Ygyg), cold gas efficiency (#.y4), the overall energy
efficiency (1), exergy efficiency () of the process, and the unit power consumption (Wgyg) were investigated. The variables
include CaO-to-biomass ratio (Ca/B) in the range of 0.7—1, steam-to-biomass ratio (S/B) in the range of 0.1—1.5, and
gasification temperature (tg) in the range of 600—700 °C. At Ca/B = 0.83, i.e,, a stoichiometric number of SN = 1, the CH,
content in SNG and Wy each reach the maximum while the Ygyg reaches the minimum. With S/B increasing from 0.1 to 1.5,
CH, content in SNG gradually decreases while Wy shows an increasing tendency. Yy, #0100 #) and y reach the maximum at
S/B = 0.6 (i.e., when the gasifier reach the heat equilibrium). Generally, lower t; values are favorable for the thermodynamic
performances (mainly Yy and 7.,4) of the CLG-SNG process. The optimal performances demonstrate that the CLG-SNG
process has a strong competitiveness, compared to the traditional SNG production process.

1. INTRODUCTION operations in which the impurities and catalyst poisons (such as
tars, and nitrogen and sulfur compounds) are removed from the
product gas.”> Methanation is the subsequent unit consisting of
the gas conditions and fuel synthesis of syngas. The

As a widely available renewable energy source, biomass is
considered as a potential feedstock for alternative gaseous and
liquid fuels. Among the candidates for liquid and gaseous

synthetic fuels by biomass thermochemical processes, methane is stoichiometric ratio of the reactants H,/CO in syngas fed to
one of the most promising options, since the synthesis reaction the methanation unit should be 3 at least. However, the syngas
approaches chemical equilibrium and its conversion efficiency is from the biomass gasifier usually has a H,/CO ratio between 0.3
high.l Several research institutes are developing biomass-to- and 2, which is too low for a good yield of CH,. Via the water-gas

synthetic natural gas (SNG) technology, including Energy shift (WGS) reaction, the H,/CO ratio can be adjusted by
Research Center of The Netherlands (ECN), Paul-Sherrer converting CO with H,0O to CO, and additional H,. The fuel

Institute (PSI) in Switzerland, Center for Solar Energy and synthesis is a heterogeneously catalyzed process that converts
Hydrogen Research Baden-Wiirttemberg (ZSW) and Techni- CO and H, to CH, and H,0. CH, and CO, (~45 vol %) are two
sche Universitit Miinchen (TUM) in Germany, and National major species in crude SNG, ie., the product of methanation
Irtlstit_ute of Clean-and-Low-Carbon Energy (NICE) in China, unit.® In the final step, most CO, in the crude SNG is removed to
etc.

meet the related requirements of grid gas. Physical absorption,
pressure swing absorption, polymeric membranes, etc. are the
applicable technologies for CO, removal from crude SNG.”
Water removal after these four major steps is also necessary for
upgrading the quality of the crude SNG.

Recently many studies have investigated suitable technologies
and processes for SNG production from biomass."**~"?
Generally, previous studies have focused on two aspects:

From the current state-of-art, the biomass-to-SNG process via
thermochemical process consists of four principal steps in
sequence (Figure 1),> ie, biomass gasification, gas cleaning,
methanation and CO, removal. The first step is biomass
gasification and steam is the preferential gasifying medium.
The product gases mainly contain H,, CO, CO,, H,0, CH, and
some higher hydrocarbons and impurities such as sulfur and
chlorine species. Gas cleaning should be understood as unit

(i) Development of chemical conversion technologies, such

. . . . . 8,9
biomass SNG as designs of biomass gasifiers and methanation reactors

Gas co and development of catalyst for methanation reactions."’
2

cleaning removal

Gasification;

Received: December 4, 2012
Revised:  July 14, 2013
Published: July 15, 2013

Figure 1. Block diagram of the traditional synthetic natural gas (SNG)
process.
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(i) Optimization of process conditions for both overall
process and unit processes, such as temperatures and
. P . 6,7,11-14

pressures in gasification and methanation reactors.

Carbonation/calcination cycle of CaO sorbents is considered
as an effective approach to capture CO, from flue gas at high
temperatures. Abanades et al. carried out experiments in a pilot-
scale fluidized bed reactor to investigate the carbonation reaction
of CaO for CO, capture from combustion flue gases and
observed high CO, capture efficiencies.'® Carbonation/calcina-
tion cycle of CaO sorbents is also expected to enhance H,
production from coal or biomass. Zhao et al. proposed a coal
gasification process with in situ CO, capture using CaO sorbents
capture via a three-stage system of interconnected fluidized
beds.' In the case of gasification of Japanese oak, Hanaoka et al.
found that, at a Ca/C molar ratio of >1, CO, was not observed in
the product gas any more."” Acharya et al. performed an
experimental study to determine the potential of H, production
from steam gasification of biomass in the presence of CaO and
effects of operating parameters, such as S/B and Ca/B."® Florin
and Harris presented a comprehensive review on enhanced H,
production from biomass with in situ CO, capture using CaO
sorbents. They reviewed the mechanism of in situ CO, capture
using CaO, likely process operating configuration, optimization
of reactor conditions, related operational challenges, as well as
strategies for enhancing the multicycle reactivity of CaO, etc.'”

The calcium-looping gasification (CLG) process of biomass
could simultaneously improve H,/CO ratio and remove the CO,
from the syngas. If the product gas with sufficiently low
concentration of CO, and sufhiciently high H,/CO ratio is used
as feedstock for methanation unit, the CO, content in the crude
SNG might be so low that the subsequent unit of CO, removal is
not necessary. Acharya et al. compared different concepts of the
CLG process for H,-rich gas production such as CO, acceptor
process, HyPr-ring process, absorption enhanced reforming
(AER) process, etc.’® In the case of AER process, the
concentrations of H,, CO, and CO, in the product gas are
~53%, ~17%, and ~12%, respectively.”’ On this basis, ZSW
proposed a technical route of SNG production from the AER
process.”” As shown in Figure 2, the novel process comprises

biomass CaO SNG

gas
cleaning

CaCO;

Figure 2. Block diagram of the process of biomass-to-synthetic natural
gas via calcium-looping gasification (CLG-SNG), integrating biomass
steam gasification with in situ CO, capture using CaO sorbents.

only three major steps, i.e., steam gasification of biomass coupled
with in situ CO, capture using CaO sorbents, gas cleaning, and
methanation. Compared with the traditional SNG, the present
process does not involve an extra energy-intensive CO, removal
unit and therefore, the related cost of investment and operation
may be saved.

However, since ZSW proposed the SNG process integrating
the AER process, no more investigation information on this topic
can be found. The CLG-SNG is naturally subject to at least two
doubts:

(i) Can it can produce SNG with quality that matches that of
natural gas?
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(i) Can it can compete with the traditional process from the
point of thermodynamic performances, such as the yield of
SNG, energy, or exergy efliciencies?

To address the above-mentioned doubts, this study first specified
a potential configuration of the CLG-SNG process. Subse-
quently, a simulation using Aspen Plus was performed. Then this
study quantitatively investigated the feasibility and thermody-
namic performances of the CLG-SNG process. The competitive-
ness of the novel process was demonstrated.

2. PROCESS CONFIGURATION AND MODELING

2.1. Process Configuration. Figure 3 graphically illustrates
the specific configuration of the CLG-SNG process integrating
steam gasification with in situ CO, capture using CaO sorbents.
The process has three major steps, in the following sequence: (a)
biomass steam gasification with carbonation/calcination cycle of
CaO sorbents via interconnected fluidized beds (IFB), (b) hot
gas cleaning, and (c) methanation via a single isothermal
fluidized-bed methanation reactor (FBMR).

The prototype for biomass steam gasification with carbo-
nation/calcination cycle of CaO sorbents is a system of
interconnected fluidized beds constructed at Southeast Uni-
versity.”>** Briefly, it consists of a high-velocity fluidized bed as a
combustor, a cyclone, a spout-fluid bed as a gasifier, and an inner
seal. Through the cyclone and the seal, the CaO sorbent cycles
between the two separated reactors.

In the gasifier, steam is designed to serve as the fluidizing gas
for the bed materials (CaO sorbents) and the gasification
medium for the biomass. As soon as biomass particles are fed to
the gasifier, an exquisite contact among the biomass particles
(BG), steam (SG), and high-temperature CaO sorbent occurs,
followed by an intensive exchange of heat and mass. Biomass
particles are rapidly heated to the bed temperature and gasified
by steam to form a mixture of combustible gases. The main
reactions involved could be described as follows:"

Heterogeneous water-gas shift:

C+H,0 < H, +CO AHg,¢ = +130KkJ/mol

(R1)
Boudouard equilibrium:

C+CO, < 2CO0  AHyp = +1731J/mol  (R2)

Water—gas shift (WGS):

CO + H,0 & H, + CO, AH923K = —42kJ/mol
(R3)
Hydrogenating gasiﬁcation:

C+2H, < CH,  AHg, = —75kJ/mol (R4)

Methane reforming:

CH, + H,0 < CO + 3H, AHgy5 ¢ = +205k]J/mol

(RS)
Reactions R1, R2, and RS are intensive endothermic reactions,
while reactions R3 and R4 are exothermic reactions. During the
gasification process in the presence of CaO and CO, in the
gaseous products is captured in the form of CaCOj:

Carbonation:

CaO + CO, — CaCO, AHg);x = —171k]J/mol

(R6)

dx.doi.org/10.1021/ef4007593 | Energy Fuels 2013, 27, 4695—4704
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Figure 3. A specific configuration of the CLG-SNG process.

Reaction R6 has three advantages: (1) CO, is captured; (2) the
removal of CO, alters the reaction equilibrium to induce reaction
R3 to the right direction promoting the H,/CO ratio, and (3)
reaction R6 is an exothermic reaction that can compensate the
heat needed in the gasifier.

By the gravitational force, the bed material is delivered through
the inner seal to the combustor, which is fluidized by air. Before
injected into the combustor, air is first compressed by a single-
stage compressor CM,;,, and then preheated to 200 °C by hot
flue gas via a heater HT,;, (Figure 3). Partial unreacted biomass
char from the gasifier is delivered into the combustor along with
the circulation bed materials. The biomass char is burnt out in the
combustor releasing heat. A certain amount of biomass (BC) is
usually utilized to totally satisfy the heat supply for gasification
process and control the temperature in combustor. CaO sorbents
are regenerated in the combustor according to the calcination
reaction.

Calcination:

CaCO; — CaO + CO,  AHgy, = +171KJ/mol

(R7)

Reaction R7 is an intensive endothermic reaction, which
consumes much of the heat released by biomass combustion.
However, the energy used for calcination is recovered in the
gasifier as mentioned. This characteristic of the IFB system could
keep the energy and exergy efficiencies of the CLG-SNG process
at reasonable and competitive levels. A test of long series of
carbonation/calcination cycles of CaO sorbents shows that
calcination temperatures over 950 °C and/or extended
calcination times accelerate CaO sorbents degradation,
reaching the residual capture capacity at a lower number of
cycles.”® Therefore, the temperature in combustor is kept at
800—900 °C in this study. The high-temperature bed materials
are separated from flue gas through a cyclone separator, and then
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they are introduced into a gasifier for a new cycle, while flue gas is
exhausted from the top of the cyclone.

IFB physically separates the gasification and combustion
processes in a gasifier and a combustor, respectively. Using IFB,
the CaO sorbents allows repeated cycles of carbonation/
calcination according to eqs 6 and 7. In addition, the gasifier
produces a H,-rich and almost N,-free product gas, whereas the
combustor produces a flue gas with relatively higher CO,
content. If a highly concentrated CO, by-product is the key
objective, pure O, or indirect heating is preferable in order to
avoid the dilution of a pure stream of CO,. The later measure
may involve three reactors.”®

After gasification, high-temperature product gas is cooled by a
cooler (CL,,,,), and partial water may be removed by
condensation as needed. Then, product gas is purified by hot
gas cleaning technology, which integrates particle removal with
candle filters or electrostatic precipitators, thermal or catalytic
cracking of the tars, and high-temperature adsorption of other
contaminants.”

Syngas prior to the compressor with intercooling (CMsgas) was
cooled to 70 °C. Since high pressure is favorable to the
methanation reactions, syngas (ie., the product of the gas
cleaning unit) is compressed by a single-stage or multistage
compressor CM,, prior to the methanation unit (see Figure 3).
In the methanation reactor, CO with H, is converted to CH,:

CO + 3H, < CH, + H,0  AH,p = —206LJ/mol

(R8)

Depending on the initial syngas composition, CO, with H, might
also be converted to CH,:

CO, + 4H, < CH, + 2H,0
AH,5x = —165Kk]/mol (R9)

dx.doi.org/10.1021/ef4007593 | Energy Fuels 2013, 27, 4695—4704
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The stoichiometric coeflicients of reactions R8 and R9 allow
one to determine the amount of hydrogen needed to completely
reform CO and CO, to CH,. Thus, it is convenient to define the
stoichiometric number (SN) of the incoming gas to characterize
the achievable methane yield,” i.e.,

SN=— M
3xco + 4xco,

(1)
where xy, Xco, and xco, are the molar fractions of H,, CO, and

CO, in the syngas, respectively. To obtain a highly pure methane
stream, SN should be close to 1.

Methane synthesis from a H,/CO/CO, mixture is highly
exothermic and its reactor design is critical with regard to
temperature control. Methanation is expected to be carried out in
a series of adiabatic fixed-bed reactors with intercooling and
optional product recycle, or in a single isothermal once-through
fluidized-bed reactor (FBMR)."! FBMR allows for simultaneous
methanation and WGS reactions in the presence of ethylene,
which may exist in different syngas compositions without
additional gas conditioning. Furthermore, long-term experi-
ments showed that the fluidized methanation catalyst allowed for
constantly high CO conversion (~98%).” Hence, FBMR is
adopted in this process configuration.

After methanation, SNG is cooled by CMgyg and compressed
by CMgyc (Figure 3) to ambient temperature, and partial water
in SNG is removed by condensation to improve its quality.

2.2. Process Modeling. Varieties of biomass can be used for
SNG production, e.g., wood, municipal solid waste, sludge, and
straw. China is short of forest resources, but rich in agricultural
residuals (mainly straw, wheat straw, corn stalk), which could be
utilized for power generation. Thus, straw is used as the feedstock
for SNG production in this study. The proximate and ultimate
analyses, as well as higher heating value (HHV) of the straw, are
listed in Table 1. According to several biomass power plants in

Table 1. Composition of Straw

composition value
moisture (wt %, ar) 9.10
ash (wt %, db) 11.51
C (wt %, db) 3891
H (wt %, db) 5.30
N (wt %, db) 106
S (wt %, db) 0.15
O (wt %, db) 43.07
high heating value, HHV (MJ/kg, ar) 15.1

Jiangsu Province, China, the feedstock of the biomass plants
varies in the range of 26—46 t/h. Therefore, the present
simulation is calculated with 30 t/h straw, corresponding to the
scale of 126 MWy, fuel input.

Generally, there are two categories of models for the
simulation of a chemical process: (a) equilibrium models and
(b) kinetic models. Based on the concept of Gibbs free-energy
minimization, the equilibrium model does not consider the
reactor size and it is already used for the simulation of biomass
gasification.'®” It is favorable for identifying the maximum
possible conversion of biomass and the theoretical efficiency. It is
applicable to investigate the feasibility and optimal thermody-
namic performances of the CLG-SNG process, which is the focus
of this study. Further investigations are not worthwhile if the
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CLG-SNG process is infeasible or its optimal performances
could not compete with the traditional process.

Compared with experimental data, H, content from
simulation based on equilibrium model is usually higher while
CH, content is often lower. To obtain the simulation data close
to the experiments, the present simulation of gasification is based
on the RGibbs model with temperature correction. The property
method is based on PR-BM model, and the property method of
the steam in the steam generation is based on STEAMNBS
model. The simulation of CLG-SNG process was based on the
following assumptions and specifications:

(1) The contaminations in the biomass §asiﬁcation products
mainly contain HCN, NH;, H,S, COS, etc. 8 Actually, sorbents
deactivation may be caused by the potential CaSO, formation.*®
However, as biomass contains a small amount of sulfur,
influences of sulfide on CaO sorbents are neglected in this
primary study, so we can focus on the objective of this study.

(2) The simulation of the circulation of CaO sorbent in the
dual fluidized bed is realized by the method of “tear stream” by
Aspen Plus. The function of “inert” could simulate deactivated
CaO sorbent.

(3) Tar was not taken into account, because of the fact that
CaO can break the tar and char into gaseous matter,'®>7%°

(4) The reactors are operated under a steady state, and the
residence time is long enough for the reactions to achieve
chemical and phase equilibriums.

(5) Heat loss in IFB is taken as 3% of the total heat input, and
the pressure losses in the reactors are assumed to 3 kPa.”’

(6) The excess air number is set to 1.5 as a constant.””

(7) The energy balance of the IFB system is realized by a
modified design specification based on Aspen Plus program.'®*’

(8) The temperature of the product gas after the cooler is 400
°C. The pressure drop over the gas cleaning is assumed to be 0.2
bar, referring to that of dust removal in a power plant.*’

(9) The pressure drop of the methanation reactor is taken as
0.5 bar.'' The pressure of the syngas introduced to the
methanation reactor is set at 10.5 bar, to ensure that the SNG
pressure is 10 bar. FBMR is modeled to be operated at a constant
temperature of 300 °C. The inlet pressure for the methanation
reactor could be as low as 2.5 bar.'' In this study, the
methanation pressure is kept at 10 bar to guarantee good CO
conversion.

(10) Designing a calcium-looping gasification reactor that
operates at high temperature and pressure is challenging, and the
continuous flow of solids among different pressurized reactors is
even more difficult.”® Therefore, the present gasification system
is simulated at atmospheric pressure and relatively low
temperature (600—700 °C).>

Several previous studies have demonstrated that heat recovery
is significantly favorable to improve the overall energy and exergy
efficiencies of a biomass-to-SNG process.*”' In this study, the
excrescent sensible heat is recovered by cooling product gas, flue
gas, and FBMR.

3. PERFORMANCE ASSESSMENT

To evaluate the novel process, some thermodynamic perform-
ances were examined, including the composition of SNG, SNG
yield, cold gas efficiency, energy and exergy efficiencies, and unit
power consumption.

3.1. Composition and Yield of SNG. Composition of SNG
should be first examined. However, there is no standard on
composition of biomass-based SNG so far. The ranges of the
species in SNG indicated in Table 2 are summarized from refs 6,

dx.doi.org/10.1021/ef4007593 | Energy Fuels 2013, 27, 4695—4704
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Table 2. Reviewed Compositions of SNG

composition Min Max
CH, (vol %) 79.7 96.1
CO (vol %) 0 0.6
CO, (vol %) 0.5 8.4
H, (vol %) 0 114
N, (vol %) 0.1 2.6

7, 13, and 14. From Table 2, there may be certain amounts of
CO, and H, existing in the biomass-based SNG. In the following
sections, a sample of SNG with a CO, content of <8 vol % and a
H, content of <11 vol % is regarded as qualified. The content of
the gas composition in the present paper is presented on a dry
basis (denoted as db). The contents of the formations of high
hydrocarbons (C, and Cj) are negligible. Therefore, other
hydrocarbons besides CH, are not graphically shown in the
paper. Furthermore, drawing lessons from the experimental
setting by Seemann et al.,” the mole flow rate of the water added
into the methanation unit (WM) is set to 10% of that of the input
syngas (ar), and the carbon deposition was not observed in the
simulation results.
SNG yield (Ygyg) is defined as follows:

Ve
YSNG (Nm3/kg) = __ SNG
myg + mpc ()

where Vg is the volume flow rate of SNG (corresponding to 20
°C and 101.325 kPa). where mp and mgc, presented in units of
kg/h, are the mass flow rates of biomass fed to the gasifier and the
combustor, respectively.

3.2. Energy and Exergy Analyses. Energy and exergy
analyses of the process were based on the mass and energy

balances obtained from Aspen Plus simulation results. The cold
gas efficiency (#.4q) of the straw-to-SNG process was defined as

Vine LHV
SNG SNG % 100
(mBG + mBC)LH\[biomass (3)

rlcold (%) =

The overall energy efficiency (#7) based on LHV was defined as
the ratio between useful energy output from the process and the
necessary energy input to this process:

g = VongLHVsng + Hsy
(mBG + mBC)LH\/biomass + T/VCM (4)

where LHVgyq is the lower heating value of SNG, Hgy the
enthalpy flow rate of SH, and Hg the enthalpy flow rate of the
gasifying medium steam (SG). LHV} o, has been given in
Table 1. Py is the total power consumption rate of all
compressors involved in this presented process. The power
consumption of a compressor was estimated with an assumption
of isentropic efficiency of 0.8>' and a mechanical efficiency of
0.98 for one single stage.

The exergy analysis was performed according to the method
by Szargut et al.** Similarly, the overall exergy efficiency () was
defined as the ratio between the useful exergy output from the
process and the necessary exergy input to this process:

Exgng + Exgy

v (%) = X 100

2 Expy + Woy (%)

where Exgyg and Exgy are the exergy flow rates of SNG and
steam generated by heat recovery (SH), respectively. Y Expy is
the sum of the exergy flow rates of all entering material streams.

Exergy of a material stream (Ex) includes two terms: physical
exergy and chemical exergy. In the case of simulation using Aspen
Plus software, the physical exergy of a conventional stream can be
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calculated by calling the property AVAILMX in the Aspen Plus
program. The chemical exergy of a stream was calculated based
on Szargut’s reference environmental model.*

With regard to the calculation of chemical exergy of biomass,
the unified correlation for estimating the specific chemical exergy
of solid and liquid fuels on a dry basis (e, 4,) was applied:**

e ap (KJ/kg) = 363.439C + 1075.633H — 86.3080

+ 4.147N + 190.798S — 21.1A (6)

where C, H, O, N, and S represent the weight percentages of
elemental carbon, hydrogen, oxygen, nitrogen, and sulfur, on a
dry basis, respectively; A is the weight percentage of ash on a dry
basis.

3.3. Unit Power Consumption. It is clear from the process
configuration that partial biomass fed into the system serves as
the raw material for SNG production and the other part of
biomass as well as power consumption serves as the driving force
to produce SNG. Unit power consumption Wy could be used
to characterize the power consumption during the SNG process.
Wing is defined as the power consumption Py, needed to
produce 1 N m® of SNG.

3 Psum
Wing (KWh/Nm®) = —un
SNG

?)

3.4. Process Variables. The influence of steam-to-biomass
mass ratio (S/B), CaO-to-biomass mass ratio (Ca/B), and
gasification temperature (f;) on the thermodynamic perform-
ances were studied.

S/B and Ca/B are defined as follows, respectively:

m
S/B = 8G
MpG

(8)
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m
Ca/B = G0
Mpg

©)

where mygg is the mass flow rates of the gasifying medium steam
(SG) added into the gasifier. mc,q is the circulation flow rate of
CaO sorbents in IFB. The CaO sorbents here mean the fresh
sorbents with the theoretical activity and, therefore, we can focus
on the feasibility and optimal process performances of the CLG-
SNG process.

4. RESULTS AND DISCUSSIONS

In this section, the standard process conditions in simulations
were as follows: S/B = 0.584, Ca/B = 0.83, t; = 650 °C, Atjp =
200 °C, pg = 1 bar, t,;, = 100 °C, p,;, = 1 bar, tsg = 300 °C, psg =1
bar, t; = 300 °C, py; = 10 bar, ty = 300 °C, pyy = 10.5 bar. In
the subsequent process simulations, one of these parameters
varied while the remaining parameters were kept constant.

4.1. Effect of Ca/B. In the present CLG-SNG process, the
CaO sorbents are utilized to capture CO, from the syngas, which
can promote the WGS reaction to a higher H, content and a
lower CO content in the syngas. When the Ca/B increases from
0.7 to 1.0, the H, content in syngas gradually increases from 55.6
vol % to 63.9 vol %, while CO, content decreases slightly (Figure
4a). Correspondingly, SN rises from 0.76 to 1.56, and is equal to
1 at Ca/B = 0.83.

Figure 4b indicates that the composition of SNG is sensitive to
Ca/B. When Ca/B < 0.83 (i.e, SN < 1), the amount of H, is not
enough to convert all CO and CO, in the following methanation
unit. In this case, with increasing Ca/B, the H, content in the
SNG remains very low, while CO, content gradually decreases
(Figure 4b). When Ca/B > 0.83 (i.e., SN > 1), the amount of H,
is redundant to convert CO and CO, to CH,, in the methanation
unit. In this case, with increasing Ca/B, the contents of CO and
CO, remain very low, while the H, content in the SNG gradually

dx.doi.org/10.1021/ef4007593 | Energy Fuels 2013, 27, 4695—4704
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Figure 6. Effects of t; on compositions of (a) syngas and (b) SNG, (c) Ysng, and (d) 7.1 #, and y, respectively.

increases, which further leads to the decrease in CH, content
(see Figure 4b). Over the entire Ca/B range of 0.7—1.0, the CH,
content reaches the maximum of 89.9 vol % at Ca/B = 0.83, i.e.,
SN = 1. To meet Chinese technical standard requirements for the
HHYV of natural gas, the proper Ca/B for straw is within the range
of 0.74—0.88.

When Ca/B increases from 0.7 to 1.0, Ygyg first decreases
monotonously and then increases (Figure 4c), which has an
opposite tendency, compared with the CH, content in SNG.
Note that, although Y\ is attractive when Ca/B < 0.74 or Ca/B
> 0.88, the composition of SNG is not qualified anymore,
according to Table 2. Under the above-mentioned process
conditions, Yy with qualified composition approximately varies
in the interval of 0.247—0.274 N m?/ kg. In addition, when Ca/B
> 0.83, the H, content increases rapidly and it is unfavorable for
the transport and utilization of SNG. Therefore, a lower Ca/B
should be given priority consideration over a larger Ygyg. Since
CH, with an HHYV value is the main composition of SNG, as
shown in Figure 4c, the HHVgy retains the same trend with
CH, content in SNG.

Both energy and exergy flow rates of SNG decrease very
slightly over the entire Ca/B range. The variations of the
efficiencies (1., 7, and y,) are mainly dominated by the
variation of myc. Figure 4d shows that the efficiencies changes
little over the Ca/B range of 0.7—0.78. When Ca/B < 0.78, the
heat released by the carbonation reaction is less than that
required by the gasification process. In this case, mainly
depending on the heat required by the gasification process,
mpc changes little and, correspondingly, #.4g #, and ¥ remain
almost unchanged. However, when Ca/B > 0.78, the heat
released by the carbonation reaction is greater than that required
by the gasification process. In this case, my¢ linearly increases as
Ca/B increases, which further leads to the decrease in the
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efficiencies (Figure 4d). In addition, with increasing Ca/B, Wgng
first slowly increases and then rapidly decreases, and reaches the
maximum of 0.621 kWh/Nm? at Ca/B = 0.83.

4.2, Effect of S/B. An increase in the amount of steam added
into the gasifier would enhance reactions R1 and R3, which
results in higher H, and CO, contents but alower CO content in
the syngas (Figure Sa). It is interesting that, within the range of
0.1—-1.5, S/B has a negligible effect on SN, which remains almost
unchanged at 0.99. However, from Figure Sb, the CO content in
SNG is nearly zero while both the H, and CO, contents in SNG
increase with increasing S/B. It could be ascribed to reaction R6,
which is promoted in the backward direction, because of a higher
H,O content. Finally, alower CH, content in SNG is obtained at
a higher S/B. Regardless, the composition of SNG could satisfy
the requirements listed in Table 2.

According to Figures Sb and Sc, the HHV gy shows the same
trend with CH, content in SNG. Yy first increases and then
decreases over the S/B range of 0.1-1.5. Ygyg approximately
varies between 0.221 Nm?/ kg and 0.248 Nm?/ kg, and reaches a
maximum at S/B = 0.6. As mentioned above, the calcination of
CaCO; in the combustor would release heat, which could be
used as heat compensation for the endothermic gasification
process. When S/B < 0.6, the circulation rate of CaO sorbent
(exothermic reaction R6) absolutely satisfies the heat require-
ment for the gasification process. It means that the cooling of the
gasifier is necessary to maintain the given gasification temper-
ature and no extra my is needed when S/B increases from 0.1 to
0.6. Therefore, Y5y is mainly affected by Vyg, according to eq 2.
Larger mgg would promote reactions R1 and RS and then cause a
larger flow of SNG, which finally leads to a larger Ygyg. In
contrast, when S/B > 0.6, extra mp should be provided to supply
the extra heat for the gasification process, which finally causes a
rapid decrease in Ygyg.
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However, in a practical operation, because of the low contact
efficiency between the steam and biomass and the short contact
time needed to obtain reaction equilibrium, the S/B value should
not be too low. Excess steam and even S/B > 1 was suggested by
Acharya.'® Alarge S/B value is obviously unfavorable for the CH,
content and the Ygyg. Furthermore, the elevated S/B would
result in a lower CO, partial pressure, and it is unfavorable for the
capture of CO,. Therefore, to experimentally determine a proper
value of S/B based on the interconnected fluidized bed is
meaningful for further experiment and simulation investigations.

As shown in Figure Sd, with the increase of S/B, 1.yq first
increases very slightly and then decreases sharply; similarly, both
n and y first increase and then decrease obviously. These three
efficiencies reach their maximum at S/B = 0.6, respectively.
When S/B increases from 0.1 to 0.6, mpc remains unchanged,
which leads to a slight increase in 77,4 (see eq 3). Meanwhile, the
increase in mgg causes a larger flow of syngas and SNG, which
means more waste heat can be recovered. Therefore, 7 and y
increase with S/B, according to eqs 4 and S. However, in the case
of S/B > 0.6, my linearly increases with S/B, which causes more
exergy loss in both the combustor and the gasifier and,
subsequently, the decrease in 7.4, #, and y. In addition, Wy
gradually increases with S/B in the interval of 0.1—1.5. The
simulation result indicates that the power consumption of the
related power equipment, especially the CM,,,.,, would increase
at a higher S/B and further result in a higher Wyg.

4.3. Effect of tg. Figure 6a shows the compositions of syngas
and SNG in the tg range of 600—700 °C. The CO, content in
syngas gradually decreases with tg, while the H, content has an
opposite tendency. CO, content in syngas is the combination
result of the WGS reaction (reaction R3) and the carbonation
reaction (reaction R6). The elevated temperature would
promote these two exothermic reactions (i.e., reactions R6 and
R3) to shift toward the backward direction. CO, content in
syngas should be dominated by carbonation reaction of CaO.
Meanwhile, improving t; would promote reactions R1, R2, and
RS to shift toward the forward direction, resulting in a
continuous increase in CO content and a decrease in CH,
content in syngas.

Figure 6b indicates that no obvious indirect effect is observed
between tg and the composition of SNG. With increasing t, the
CH, content in SNG slightly decreases while the H, content
slightly increases. The contents of CO and CO, in SNG remain
almost unchanged at low values. However, as shown in Figure 6c,
an obvious decrease in Ygy is observed, especially at ¢ > 650 °C.
The net heat of the gasifier at 700 °C, rather than at 600 or 650
°C, is negative; this means that, at t{; = 700 °C, more biomass
(mpc) is fed to the combustor to compensate the heat
requirement to maintain the temperature in the gasifier.
Therefore, the slight decrease in Ygyg at 650 °C is due to the
lower production volume of SNG while the sharp decrease in
Ysng at 700 °C is mainly dominated by the increase in mypc. It
seems that a lower tg is favorable for the CLG-SNG process.

As shown in Figure 6d, 7.4 gradually decrease with t; while 5
gradually increase and y exhibits a tendency of first increase and
then decrease trend. The large decrease in 77,4 and 7 are ascribed
to more biomass (mpc) fed to the combustor as mentioned
above. The 7.4 #, and W values remain at 62.5%—55.5%,
80.2%—85.2%, and 60.8%—58.1%, respectively. Furthermore,
Wsng gradually increase from 0.523 kWh/Nm® at 600 °C to
0.719 kWh/Nm? at 700 °C. From this point, lower t is a better
choice. The above results indicate that, although a wider range of

4702

gasification temperature is available, lower t; should be
preferentially chosen for this process.

In addition, the effect of Aty (ice., tc — tg) on Ygng, 77, W, and
Wine is also investigated at tg = 650 °C. However, with Afjp
increasing from 150 °C to 250 °C (corresponding to tc
increasing from 800 °C to 900 °C), no obvious effect is observed.

4.4, Competitiveness Analysis of the CLG-SNG Process.
To demonstrate the competitiveness of CLG-SNG production
process, the performances of the process were compared with
those of a traditional straw-to-SNG process, which mainly
consists of four major units, i.e., biomass gasification via IFB with
inert heat carrier as the bed material, hot gas cleaning, fluidized-
bed methanation reactor, and selexol process for CO, removal.
The simulation parameters of the first three steps are the same
with the CLG-SNG production processes. The simulation and
energy performance assessment of the selexol process for CO,
removal has been reported in our previous work.”® The final
states of the product SNG by the two processes are the same and
further water removal is also necessary for upgrading the quality
of the crude SNG. Thus, the key process parameters for the
maximum of Ccy, or Ygyg, as well as the corresponding
performances of the two processes are presented in Table 3. The

temperature and pressure of the methanation reaction are
constants (300 °C and 10 bar, respectively).

Table 3. Optimal Performances of the CLG-SNG Process and
the Traditional SNG Process

Traditional SNG CLG-SNG
t; (°C) 750 600
t- (°C) 825 800
S/B 0.339 0.584
a 0.88 0.98
Ca/B 0.74 0.83
SNG composition (vol %)
CH, 84.05 92.14 84.48 91.04
Cco 0.09 0.10 0.01 0.00
CO, 10.54 1.92 10.57 1.76
H, 3.30 3.62 2.93 5.00
HHVyg (MJ/Nm?) 315 34.6 31.6 343
Yong (Nm®/kg) 0.303 0.276 0.314 0.286
Neold 68.8 68.7 72.6 70.7
y (%) 66.2 65.9 67.9 66.2
n (%) 88.8 88.7 84.2 82.5
Wing (KWh/Nm?) 0.779 0.856 0.466 0.495

The results on the both SNG production processes have
shown that the option performance of these two SNG process
have two contradictory directions: (1) the maximum of the CH,
content in SNG, and (2) the maximum yield of SNG. For

example, Ccy, increases but Ygyg decreases with the CO,
removal efficiency () for the traditional process. Ccy, also has

areverse trend to Yy with variation of Ca/B for the CLG-SNG
process (Figure 4). It seems that the two processes could obtain
similar maxima for CH, content and SNG vyield with proper
parameters. The maximum value of Ygyg for the CLG-SNG
(0.286—0.314 Nm?®/kg) is slightly higher than that for traditional
SNG (0.276—0.303 Nm®/kg). The 744 value of the CLG-SNG
(72.6%—70.7%) is slightly higher than the traditional SNG
(68.7%—68.8%), and it indicates a higher utilization efficiency of
the biomass for the CLG-SNG.
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The exergy efficiency of the CLG-SNG process is slightly
higher than that of the traditional SNG process, while the energy
efficiency is slightly lower. Furthermore, from Table 3, there is an
obvious difference in Wgyg between the two processes. Wy for
the CLG-SNG process (0.466—0.495 kWh/Nm?) is much lower
than that for the traditional SNG (0.779—0.856 kWh/Nm?®). It is
a potential significant advantage for the CLG-SNG process. To
summarize, this implies that the CLG-SNG process has an
attractive competitiveness, compared to the traditional SNG
production process, judging from the thermodynamic perform-
ances.

5. CONCLUSIONS

The biomass-to-synthetic natural gas (SNG) using calcium
looping gasification (CLG) (CLG-SNG) process consists of
three major steps, i.e., biomass steam gasification with in situ CO,
capture using CaO sorbents (CLG), gas cleaning, and
methanation. A specific configuration of the CLG-SNG process
unit using IFB for gasification was designed. The IFB allows
repeated of carbonation/calcination cycles of CaO sorbents,
realizing in situ CO, capture. Compared with traditional
biomass-to-SNG process, the presented process does not involve
the CO, removal unit.

To determine the feasibility and competitiveness of the CLG-
SNG process, the thermodynamic performances, including the
composition of SNG, Ysng Heolwr 10 W, and Weyg were the
subjects of focus. The effects of some key variables, including a
calcium-to-biomass ratio (Ca/B) in the range of 0.7—1, a steam-
to-biomass ratio (S/B) in the range of 0.1—1.5, and gasification
temperature (f;) in the range of 600—700 °C were investigated.
The results show that the SNG composition is sensitive to Ca/B,
and the proper Ca/B varies between 0.74 and 0.88 for the straw
used in this study. At Ca/B = 0.83 (i.e,, SN = 1), the CH, content
in the SNG and the unit power consumption reach maximum
values while the Yg\g reaches the minimum value. With S/B
increasing from 0.1 to 1.5, the CH, content gradually decreases
while Wy shows an increasing tendency. Yy, #eoa 1, and yr
reach the maxima at S/B = 0.6 (i.e., when the gasifier reaches the
heat equilibrium). Generally, a lower f; value is favorable for the
thermodynamic performances (mainly Ygyg and 7.,4) of the
novel process.

Guided by the above findings, the optimal values of Ysyg, #cow
1, W, and Wyyg are 0.314 N m*/kg, 72.6%, 84.2%, 67.9%, and
0.466 kWh/Nm?®, respectively. From the point of thermody-
namic performances, the present CLG-SNG process could
totally compete with the traditional process.
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B NOMENCLATURE

Abbreviations
ar = as-received basis
BC = biomass fed to combustor
BG = biomass fed to gasifier
CL = cooler
CM = compressor
db = dry basis
Ex = exergy
FBMR = isothermal fluidized bed methanation reactor
HT = heater
IFB = interconnected fluidized bed
S/B = steam-to-biomass ratio
SG = steam fed to gasifier
SH = steam generated by heat recovery
SN = stoichiometric number
SNG = synthetic natural gas

Variables
Ca/B = ratio of circulation flow rate of CaO to mass flow rate
of biomass
H = enthalpy
HHYV = higher heating value
m = mass flow rate
LHYV = lower heating value
p = pressure
t = temperature
V = volume flow rate
Pcyp = total power consumption rate
Wsng = unit power consumption
x = molar fraction

Greek Symbols
a = CO, removal efficiency
Neold = cold gas efficiency
1 = overall energy efficiency
y = overall exergy efficiency

Subscripts
G = gasifier
C = combustor
IN = input material stream
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