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Research Title: Gasification of sugarcane leftover for liquid fuel production

Researcher: Dr. Narissara Chatrattanawet
Faculty: Engineering Department: Chemical Engineering
ABSTRACT
In this work, the aim of research operating conditions for the clean syngas

using AspenPlusTM software. In

production from sugarcane | s*through the gasification proess

order to obtain the opg W\;\\%{\‘r{ / o

cleaning. The sim on was performgd-b

highest cold asuEfﬁ en

QlL dition 1scn,ot achieved in steam
vu team tl@o

due to the énd t ic ron “\-

thermal sufficie

'(és&ble

i M BA e o 1 ars /o
equals to 10. To obtain thd @W lW}a 3 rates are 325, 450, and 465
R 2411 - D

kmol/h for systems using steam, airia

Keywords : Gasification; Sugarcane Leftovers; Gasifying agents; Gas Cleaning Process
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2.2.3 M3 141 (combustion)
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C+1/20, <> CO (2.2)
C+0, ¢>CO, (2.3)
(2.4)
(2.5)
(2.6)
lonaauia
(2.7)
2.8)
2.9)
C+2H, <> CH, ~74.8 KI/mol (2.10)
ﬂﬁ ﬁ“%ﬂﬁvxlai'uﬁmuﬁ’w"laﬁw (Methane steam reforming)
CH,+H,0 <> CO+3H, AH =206 k/mol 2.11)
CH, +2H,0 <> CO, +4H, AH =165 kJ/mol (2.12)
Ugnseisvesuiimudismivoulaoonlad (Methane dry reforming)
CH,+CO, <> 2CO+2H, AH =216 k/mol (2.13)
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1 ﬁ nsensulseeu (amine protonation)

MEA +H,0" <> MEA" +H,0 (2.14)
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U5 oa1eluasueiun (bicarbonate formation)

CO, +2H,0 <> H,0" + HCO; 2.15)
ﬂﬁ A3 enad s Ui (carbonate formation)

HCO; +H,0 <> H,0" + CO%" (2.16)
U3 o1a3 1915 UuA (carbamate formation)

MEA + HCO; <> MEACOO" + H,0 (0.17)
ﬂﬁﬁ“%m‘laim"lac%ﬁw (water hydrolysis)

H,0 <> H,0" + OH, (2.18)

(2.19)
(2.20)
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Many researchers have been foct ed OMiiag onversion of vakieus DieMasses into fuel. Sugarcane is one of
the most interesting agricultural plants w e.ighest biocon on efficiency. Many parts of sugarcane can
use as raw materials for industrial processes. For example, the sweet liquid (juice) inside sugarcane stalks
containing sucrose is used to produce sugar and ethanol. With the sugar and ethanol productions are growing,
residues from sugarcane, i.e., bagasse, leaves and tops are more generated. Bagasse can be used as
alternative sources for paper production (Rainey et al., 2006), power generation, and energy production
(Khatiwada et al., 2012) whereas the leaves and tops of sugarcane stalks (referred to sugarcane leftovers) are
generally combusted in the field, not used for energy production. Therefore, this work is concentrated on the
using sugarcane leftovers as raw material for the fuel production to add value of the agricultural waste,

Many researchers have been concentrated to develop methods to use more biomass as fuel. Biomass can be
converted to synthesis gas (syngas) by gasification process considered as a key technology for biofuels
production and then syngas can be continuously converted to liquid fuels or chemicals such as green diesel and
methanol. This process is called biomass to liquid (BTL). Syngas production from this process is a high
temperature endothermic process that also is suitable for heat and power generation (Miao et al., 2014).
According to these benefit, the gasification process through thermo-chemical reactions is presently considered
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as a promising choice in industrial applications. Among gasifiers used in the gasification process, circulated
fluidized bed (CFB) gasification technology is considered to convert biomass to syngas due to its high reaction
rates and high thermal efficiency (Chutichai et al., 2015). There are several kinds of gasifying agents including
steam, air, and air-steam. The use of steam as agent is the common alternative for biomass gasification process
to produce the syngas rich in hydrogen (Detchusananard et al., 2017). However, the steam biomass gasification
has unavoidably problem with undesirable HzS and tar occurred during the process. Thus, the obtained syngas
should be purified by removing contaminants, i.e. H2S and CO:z before supplying to other process. For
eliminating impurities, the product gas leaving the gasifier is fed into a gas cleaning unit. An absorption process
using monoethanolamine (MEA) as solvent is an interesting technology for implementing to remove CO2 and
H2S from power plants (Abu-Zahra et al., 2007).

The aim of present work is to concentrate on the steam biomass gasification process to produce clean syngas
for the green diesel production under highest cold gas efficiency. Sugarcane leftovers are used as biomass
input for syngas production. The process design flow sheet for circulating fluidized bed gasifier is developed in
the Aspen Plus. Then the effect of gasifier operatlng condltlons such as gasifying temperature and steam to

@% repoval is considered.
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Figure 1: A schematic diagram of steam biomass gasification of sugarcane leftovers
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The cold gas efficiency, CGE is defined as expressed in Eq(13). ELECNRTL is used as equation of state for
absorption process.

My, X LHV,, )+ (ngo x LHV,, )
xLHV,

Biomass )

%CGE = (

x100 (13)

( Biomass

4. Results and discussion

Biomass gasification of sugarcane leftovers using steam as gasifying agent is studied for the syngas production.
This part presents the validation result for ensuring the proposed model, the syngas production section for
finding the optimal operating condition, and the gas cleaning unit for syngas purification.

4.1 Comparison with experimental results

Slnce the experiment data of sugarcane Ieftovers gasification has not been reported in the literatures, the
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Table 2: Proximate and ultimate analysis of Japanese Cedar (Kaewpanha et al., 2014)

Proximate analysis (wt.% dry basis)
Moisture 5.0 Volatile matter 52.8
Fixed carbon 33.7 Ash 13.5

Ultimate analysis (wt.% dry basis)

C 39.2 N 1.9
H 5.0 S 15
(0] 52.4

Then, the total energy consumption is studied as a wider range of S/B ratio (0.04-3) while the gasifier
temperature is kept as constant at 750 °C. The steam generator, gasifier, and product gas cooler are included

dy [ dl Y o L 14 dl = I 5 1 Y o ¥ €Y 19
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in the calculation of the total energy consumption. The result as shown in Figure 5 indicates that the total energy
consumption increases when the S/B ratio increases due to the highly endothermic reaction, i.e., water gas, and
steam and dry reforming reaction of methane. Although this process requires the external heat source, it has
opportunity to perform energy integration with other units. Furthermore, if the thermal self-sufficient operation is
concerned, air or steam-air should be used as gasifying agents instead of only-steam.

Table 3: Comparison between simulation result and experimental data from (Kaewpanha et al., 2014)

Gas composition (% volume) Experimental data Simulation data
H2 44.4 45.9
CcO 18.5 21.3
CO2 29.6 27.6
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4.3 Gas cleaning unit

The product gas obtained from biomass gasification process still consists of impurities such as H2S and COa.
Syngas used for Fisher-Tropsch must have H2S content less than 0.1 mg/nm?3. Thus, the adsorption unit is
studied by varying the pressure (5-50 bar) and tray (2-10) of adsorber, and molar flow rate of MEA (100-
1,000 kmol/h). The simulation result shows that an increase in column pressure and tray and molar flow rate of
MEA causes better the absorption of H2S and CO2. The suitable operating condition for absorption process is
defined at MEA molar flow rate of 325 kmol/h, column pressure of 40 bar, and column tray of 10. Although the
adsorption unit can remove H2S and COg, it may provide high cost. In order to ensure that the use of adsorption
unit as purification process is suitable for gasification, the economic analysis should be considered.
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ABSTRACT

The aim of research is to present optimal operating conditions for the clean syngas
production from sugarcane leftovers through the gasification process by using AspenPlus™
software. In order to obtain the optimal syngas for liquid fuel production, this process should be

integrated with gas cleaning. The simulatien=wa formed by comparing three gasifying
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40 bars and the number of trays equals To™#@=he=oista e H,S content below 0.1 mg/m?, the
MEA molar flow rates are 325, 450, and 465 kmol/h for systems using steam, air, and air-steam,

respectively.

Keywords: Syngas; Biomass gasification; Sugarcane leftover; Absorption
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1. Introduction

Currently, an energy consumption in the world grows continuously according to an
economic growth especially the energy consumed in the industries and transportation. The major
energy source is mainly derived from non-renewable energy such as fossil fuels which take a

long time to form and are a limited resource depending on demand. The growing consumption of

Recently, a

source to
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Q
range of agriculture materials or indu ‘ g==fagasse, sugarcane, rice straw, and saw
dust, these organic materials are received from green plants. When considering the property of
agriculture wastes, sugarcane is the most grown agriculture products and its some part such as
leaves and top of sugarcane referred to “sugarcane leftovers” is discarded as agriculture wastes.

Sugarcane generates spontaneously commom compounds that are promply available for high-
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technology processing and has a higher yield potential than sugar beet or corn (Scheiterle et al.,
2017). Moreover, a sugarcane bagasse also is a residual biomass waste occurred after the
industrial process. Therefore, the sugarcane is an interesting biomass because it can be used all
parts to product heat and energy. The advantages of the conversion of sugarcane waste to energy
include a decrease in the agriculture wastes and low CO, emission to the environment owing to

the cogeneration neutralization reaction (latase=and=hadurwar, 2007). Because the amount of
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In general, agriculture residues or other wastes are burned to produce steam and then,
electricity is generated via a turbine, or steam provides heat to industries. To apply the biomass
as fuel, the conversion of solid to gaseous fuel is considered, this can be accomplished via the

gasification process. A gasification process that can change the solid biomass to synthesis gas (or
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syngas) via a thermo-chemical reaction is considered as the promising technology with low cost
and high efficiency (Zeng et al., 2017). Then, this syngas can be transformed into many other
valuable products depending on type of process, such as reverse steam reforming process to form
methane (CH,), Fischer-Tropsch reaction to produce liquid fuels (Zhang et al., 2010), and
methanol synthesis to produce methanol (Carvalho et al., 2017). The gasification process

operates at high temperature (above 7002 g steam and/or air as gasifying agents.
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orb et al. (2016) analyzed the productiofi o gas=FrofTi rice straw via gasification process. Air-

combustion of biomass wit

steam and steam-CO, were implemented as gasifying agents to study the possibility of H,/CO
ratio adjustment in a gasifier under thermal self-sufficient condition. The result showed that the

air-steam system spends lightly energy and can operate at the thermal self-sufficient conditions.
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Therefore, the studying of using gasifying agents for biomass (sugarcane leftovers) gasification
should be considered via using the different agents, e.g., air, steam, and mixture of air and steam.

The optimal gasifier and its control strategy are essential factors to achieve efficient and
clean energy production. The selection of biomass gasifiers depends on complex chemical
reactions, including fast pyrolysis, partial oxidation of pyrolysis products, gasification of char,

conversion of tar and lower hydrocarbop sewateiagas shift (Villetta et al., 2017). Sales et al.
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€ implementing of circulating fluidized
bed gasifier as gasification reactor. Product gases attained from the biomass gasification
include lower hydrocarbon, H,, CO, CO,, inorganic impurities, and tars (Gadsboll et al., 2017). It
must be purified via syngas treatment process such as tar removal before applying to other

processes (Hernandez et al., 2016). Syngas can be utilized to produce hydrogen, methanol,
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dimethyl ether, diesel, and other chemical products (Boerrigter and Rauch, 2006) and to generate
electricity via fuel cells or gas turbine (Ruiz et al., 2013). The energy storage in form of liquid
fuels has acquired great concentration owing to ease of utilizing and handling. Therefore, the
suitable H,/CO ratio and gas cleaning process are also considered to achieve the high-quality
syngas for the production of green liquid fuels.

Interestingly, the mvestlgated S
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2. Description of syngas production

The liquid fuels production from synthesis gas obtained from biomass gasification
process consists of three main steps: the production of syngas from biomass (sugarcane
leftovers), the purification of raw syngas, and the production of liquid fuels like diesel via

Fischer-Tropsch and/or the methanol production. Fig. 1 shows the process layout of the diesel
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and/or methanol production from syngas produced by the gasification process of sugarcane
leftovers. From this process layout, if CO; is removed from syngas in the gas cleaning unit by the
absorption or adsorption process, the captured CO, can be also used as gasifying agent or
feedstock for methanol production. This drives the integrated process of biomass gasification and
liquid fuels production more attractive since there is less amount of carbon released to the

atmosphere. However, only gasificationahe=gas
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circulating fluidized bed gasifier. Last step, the raw gases received from gasifier are sent to
remove solid like ash through C-SEP unit (solid separator). Afterwards, the syngas will be

obtained.
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The second step is to purify the syngas gained from gasification process. All
contaminants such as carbon dioxide (CO;) and hydrogen sulfide (H,S) will be eliminated from
syngas before feeding liquid fuel production unit. The gas cleaning flowsheet is shown in Fig. 3.
The absorption process using monoethanolamine (MEA) as absorption solvent is considered to
capture H,S and CO,. The main units include absorber, water gas shift, and regenerator. Syngas

is fed through COOLER1 for cooling dewia=s

3. Process simulation

In this part, the initial opera components and reactors, reactions
considered in the gasification process, and chart diagram of syngas production will be shown and
explained. The proximate analysis and ultimate analysis of sugarcane leftovers considered as the

feedstock for syngas production are revealed in Table 1. The initial conditions for all

components and reactors can be seen in Table 2. The inlet molar flow rates of biomass, steam,
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and air equal to 100 kmol/h. This can be concluded that the steam to biomass (S/B) ratio is 1 and
equivalence ratio (ER) or air to biomass (A/B) ratio is also 1. The molar flow rate of MEA
solution is 500 kmol/h, Moreover, the initial conditions for absorber, regenerator, and water gas
shift reactor are obtained from literatures (Patcharavorachot et al., 2014, Im-orb et al., 2016).

The gasification process operates at high temperature (above 700 °C) with using air

Aprrvevivegd
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Brium compositions are calculated by the

minimization of Gibbs free energy method. The equation of state (EOS) used in this part is
Soave-Redlich-Kwong (SRK) method (Edwards, 2008). Moreover, the cold gas efficiency
(CGE) is also computed. The cold gas efficiency can be calculated via using Eq. (16). If the

operating condition defined can provide the maximum cold gas efficiency, then the energy
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consumption will be calculated. In this part, the possibility of syngas production under thermal
self-sufficient operation is also concentrated. The next part concerns the gas cleaning unit that
eliminates the contaminant like H,S. Number of trays and pressure in the absorber and the MEA
molar flow rate are defined. ELECNRTL is used as equation of state for absorption process
(Abu-Zahra et al., 2007). The content of H,S in the syngas used for the production of liquid fuels

should be limited less than 0.1 mg/m?,

(16)

designed and simulated ¥ ig’infﬁg%its.{ gble syngas for the liquid

fuels production. In this research “the Jiam=aim=ieste=Chieve not only the maximum cold gas
efficiency but also the suitable syngas to feed to another process and keeping the thermal self-
sufficient. To ensure the model used in this work, the comparison between the simulation result
and the experiment data from literatures is firstly investigated. Then, the effects of operating

parameter are studied to find the gas compositions via Gibbs free energy method and cold gas
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efficiency. Furthermore, the possibility of thermal self-sufficient condition depending on the

different gasifying agents is studied. The gas cleaning process to purify syngas is finally focused.

4.1 Comparison with experimental results

The use of sugarcane leftovers as biomass in the gasification process has not been

appeared in the experiment. So, the gxpesiment=igsylt of the usage of Cuban bagasse is
considered to guarantee thg f‘sed maodel. \Filippis et al. 200"

Cuban bagasse withg€ \

St )

1 bar. The pro
Table 5 exp e%i
literature 3

The effect of operating parameters such as gasifying temperature, S/B ratio, A/B ratio
(ER), and air-steam to biomass ratio on the gas compositions and cold gas efficiency is firstly

investigated through the Gibbs free energy minimization method using AspenPlus™ simulation
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software. According to Eqg. (16), the cold gas efficiency can be determined. The optimal

conditions for the syngas production will be reported.

4.2.1 Effect of gasifying temperature

The effect of gasifying temperature is considered in the range of 500 to 1000 °C. The

molar ratios of S/B, ER, and air-stea premass=arestiie_same as 1 for three different gasifying

agents. Fig. 5 shows on of prod 05|t| ; three processes (different
gasifying agents) : an m tf

that the syngas

ulation, it is found

processes. The q ving reactions:

¢ ergen
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ction of H»
d. Moreover,

using steam and air as agents and 650 alr-steam as agent. This is because of the
influence of reverse reaction of water gas shift (Eq. (12)), as observed by the reduction of the
mole fraction of H, and CO; and the increase in the mole fraction of CO and H,O. Moreover, the

methane reforming reactions significantly affect the H, production due to the lack of CHj.
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In order to define the optimum gasifying temperature, it is necessary to consider both the
cold gas efficiency and molar flow rate of syngas as well. The molar flow rate of syngas and cold
gas efficiency are investigated in the gasifying temperature range from 500 to 1000 °C, as
illustrated in Fig. 6. The results show that the both of them increase significantly and be constant
at the temperature of 750 °C, for the three systems. Moreover, it is found that the cold gas

efficiency of the steam gasification | e implement of air and air-steam as
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the S/B ratio rises owing to the heterogeneous water—gas shift and the steam and dry reforming
of methane as seen in Egs. (10), (13), and (14). Considering the mole fraction of each
composition, it can be seen in Fig. 7b that increasing S/B ratio above 0.2 leads to decreases in the

mole fraction of H, and CO whereas the mole fraction of H,O and CO; is higher. Because the
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amount of methane is lacking, the water- gas shift reaction, Eq. (12) has more influence than the
heterogeneous water—gas shift and the methane reforming.

To determine the suitable S/B ratio for gasification process, the cold gas should be
considered. Fig. 7(c) shows the effect of S/B ratio on the cold gas efficiency. It can be described

that the cold gas efficiency rises essentially with the increase of S/B ratio due to increasing the

H, and CO contents and it becomes cog /B ratio is greater than 0.6. Therefore,

the optimal S/B ratio for thesYnge pr@WV/?cted/at..
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reason, the maximum cold gas efficiency @=to Indicate the optimal A/B ratio. It can be
observed that the optimal A/B ratio for the syngas production is selected at 0.6, as shown in Fig.

8(c).
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4.2.4 Effect of air-steam to biomass ratio

The effect of air-steam to biomass ratio on cold gas efficiency is studied on the S/B ratio
range from 0.1 to 1.0 and the A/B ratio range from 0.04 to 1.0, as expressed in Fig. 9. The
gasifying temperature is operated at 750 °C. The simulation result shows that the cold gas

efficiency will increase significantly when the A/B ratio increases in range between 0.04-0.4 for

ratio results in the increas€ e fUi

S
— Sy
—

3: % P
The thermal self-s - c%ac@d msﬁgh,e% W@ _uding the different gasifying

agents that are steam, air, and air-steam:
range between 0.04 to 3.0, as shown in Figs. 10(a) and (b). For Fig. 10(c), the cold gas efficiency
changes due to the A/B-S/B ratios in range 0.04-3.0 and 0.1-1.0, respectively. Three systems are
operated at the temperature of 750 °C. The simulation results show that the increase of S/B ratio

makes the continuous increase in total heat consumption due to the highly endothermic reaction

dy I dl Y o U 14 d‘ = I gj 1 Y o ¥ € Y 14
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occurred in steam biomass gasification. Then, the total heat consumption is greater than zero.
Consequently, the system using steam as agents requires the external heat in the process. This
system can not operate under the thermal self-sufficient condition. The energy consumption for
system using air as agent will be continuously decrease as a result of the exothermic reaction of

the combustion reactions such as char combustion and methane oxidation reactions, as seen in

operated, it a

condition. for system

first point

considered via the absorption unit. The effects of a number of trays, absorber pressure, and the

molar flow rate of MEA on the amount of gas absorption are investigated to find the optimal

condition for the three systems.
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4.4.1 Effect of a number of trays and absorber pressure

The number of trays for absorber are focused in the range of 2-10 and the pressure of
absorber between 5-50 bars is studied. The molar flow rate of MEA is defined to be constant at
500 kmol/h. The components of syngas obtained from the gasification of sugarcane leftovers via

using air-steam as agent are implemented in this section. Fig. 11 shows the deviation of the CO;

and H,S absorptions due to the no. of tra 0 Die . The simulation result shows that the

ade”10 the awo the gas abSesttep better. The reaction area
&@\ 2 ‘
h Y as increa

R

achieve the suitable molar flow rate 0T e contaminants. Fig. 12 shows the
effect of MEA molar flow rate to the absorption of H,S and CO; in the range between 100 to
1000 kmol/h. The no. of trays and column pressure are defined as 10 and 40 bars, respectively.
From the simulation result, the amounts of H,S and CO, decrease with the increase of the

absorption ability because the molar flow rate of MEA increases, leading to the better mass
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transfer between MEA solution and contaminants. The appropriate condition of absorption
process for syngas produced via using air-steam as agent is defined at MEA molar flow rate of
465 kmol/h. Moreover, the operating conditions that are suitable for the liquid fuels production
(H,S content below 0.1 mg/m?®) for three different system are summarized in Table 7. The molar
flow rate of MEA is operated at 325, 450, and 465 kmol/h for the systems using steam, air, and

air-steam as agents, respectively. At thesg he H,S content appears below 0.1 mg/m?®,

5. Conclusions

In this

and the oxidation of CO, CHy4, and H; is more effective in the production of CO, and H,0O for the
air-related systems, leading to lower cold gas efficiency. In investigating the three different types
of gasifying agents, it was found that the gasification processes using air and air-steam as

gasifying agents can be operated under the thermal-self sufficient condition. The using steam as
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agents need the external heat due to the highly endothermic reaction. The main reason for the use
of gas cleaning unit is to reduce the H,S content below 0.1 mg/m® and to remove other
contaminants from syngas before feeding to the liquid fuel production unit. The no. of trays and
pressure of absorber should be defined at 10 and 40 bars, respectively. The cleaned syngas will

be further used to produce diesel and/or methanol, presented in the future work.
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Figure Captions

Fig. 1. A schematic diagram of an integrated process of biomass gasification and liquid fuels
production.

Fig. 2. A schematic diagram of biomass gasification with different gasifying agents: (a) steam,

(b) air, and (c) air-steam.

A/B-S/B ratios.

Fig. 11. The effect of a number of trays and pressure on (a) CO, absorption and (b) H,S
absorption with the MEA molar flow rate of 500 kmol/h.
Fig. 12. The effect of the MEA molar flow rate on the gas absorption: (a) CO, and (b) H,S at the

pressure of 40 bar.
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Table Captions

Table 1 Proximate and ultimate analysis of sugarcane leftovers implemented in process.
Table 2 The initial conditions of component and reactor in the gasification process.

Table 3 Reactions appearing in gasification process.

Table 4 The proximate analysis and ultimate analysis of Cuban bagasse (Filippis et al., 2004).

Table 5 Comparison between the simula ad_experimental data from Filippis et al.

(2004).

Table 6 The cold ga
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Table 1 Proximate and ultimate analysis of sugarcane leftovers implemented in process.

Proximate analysis (wt.% dry basic) Ultimate analysis (wt.% dry basic)
Moisture 9.20 C 46.152
Fixed carbon 16,90 H 5.632
Volatile matter 67.80 O 41.485
Ash 6,10 \ 0.443
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Table 3 Reactions appearing in gasification process.

Reaction name Reactions Equation
Drying zone Biomass,,,, — Biomass,, + H,0,,,, 1)
Devolatilization Biomass,,, — Char+Volatiles (Gas+Tar) (2)

Combustion Zone

Char partial combu,

Methane reaction

Water-gas shit reaction = ~H, (12)
Methane steam reforming CH,+H,0 <> CO+3H, (13)
Dry reforming CH,+CO, <> 2CO+2H, (14)
Methane combined reaction CH,+2H,0 <> CO,+4H, (15)
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Table 4 The proximate analysis and ultimate analysis of Cuban bagasse (Filippis et al., 2004).

Proximate Analysis % weight Ultimate Analysis % weight
Moisture 11.1 Carbon 42.9
Fixed carbon 9.3 Hydrogen 5.9

Volatile matter

Ash
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Table 6 The cold gas efficiency (CDG) under thermal self -sufficient conditions.

S/B ratio A/B ratio Molar flow rate of syngas CDG
1.375 95.03 74.76
0.1 2.4 52.24 40.96
3.0 21.17
14 ?F 75 2.16
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Table 7 The suitable operating conditions of absorber for each process.

MEA flow rate | Remaining H,S

Gasifying agents Pressure No. of trays
(kmol/h) (mg/m?)
Steam 325 0.0911
Air 40 0.0989

Air-steam 0.0989
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