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Using syngas as fossil fuel offers the benefit in term of suppress consumption of petroleum
fuel. Gasification and reforming process can be used for syngas production. This work investigated
the combined of gasifier and reformer process of charcoal with recycled CO,. The investigation was
carried on both simulation and experimental. The simulation results show that carbon conversion
depended on operating temperature. The effect of O, in feed stream offered more heat obtained
from process which optimum at O,/B = 0.2. At higher S/B in feed stream led to more H, in syngas
product. And the effect of CO,/B feed ratio affect on both of CO, emr and syngas ratio. For feed
ratio O,/S/CO,/B = 0.2/1/1/1 offered the highest Cold Gas Efficiency (CGE) of 0.742. From
experimental study, the operating temperature of 800 °C was observed for the highest carbon
conversion. For the effect of Ni/SiO, catalysts, increasing Ni% loading offered more product gas
due to the reforming reaction of gas product. Varying of O,/S/CO,/B feed ratio showed in similar
trend of product gas mole fraction to the simulation result. For condition of CO,/B ratio = 0, provided
the highest for syngas yield. However, using CO, was beneficial in reducing GHG emissions and

adjusting syngas ratio.

Keywords : biochar gasification, CO, reforming and Synthesis gas production
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1. Introduction

1.1 Rationale

Global warming and energy crisis are among important issues. Biomass is well-known as
renewable energy with high energy yield and to suppress consumption of petroleum [1]. Synthesis
gas (syngas) consists of carbon monoxide and hydrogen. Controllable syngas ratio can be used in
different applications such as electrical energy source [2, 3], fuel cell [4, 5] and other downstream

processes [6, 7].

Gasification process can utilize many types of gasifying agent. Air is the cheapest gasifying
agent but provides the low heating value of syngas due to impurity of nitrogen. Therefore, enriched
oxygen in air leads to increase in heating value of syngas product [8]. Steam has been used as
gasifying agent. The higher steam content and reaction temperature produce syngas product with
more hydrogen yield [9, 10]. However, increasing steam and reaction temperature are required more
energy to process. Carbon dioxide as a gasifying agent was recently presented the most benefit
before emission to the atmosphere. Furthermore, using CO2 as gasifying agent offers several
advantages such as producing more reactive char for better efficiency of gasification process, and

adding CO2 involved in adjusting syngas ratio with more flexible for syngas application [11, 12].

Gasifier effluents are fed to reforming process for upgrading products. There are many types
of reforming reactions. Steam reforming is a well-known technology that reforms light-hydrocarbons
into syngas product. Higher steam as reforming agent offers higher H2 yield of syngas product due
to steam reforming and water gas shift reaction [13]. Additionally, the advantage of steam reforming,
fed excessive steam, is reducing coke formation. Although steam reforming is the most feasible and
provides high hydrogen yield, but it is highly endothermic reaction and required heat for generating
steam which causes high fuel consumption [14]. Dry reforming uses CO2 to reform light-hydrocarbon

into syngas product. This reaction not only reduces
1.2 Objective

To investigate effect of using CO2 as gasifying agent on combined biomass gasification and

catalytic reformer for hydrogen production



2. EXPERIMENTAL AND MODELING

Experimental and simulation methods were described in this chapter by divided into 3 sections.
Section 2.1 explains feedstock preparation and characterization. Simulation of combined gasifier
with reformer is described in section 2.2. Finally, details of reaction study are provided in section

2.3.
2.1 Materials preparation and characterization
2.1.1 Biomass

A charcoal was used for representing biomass, because it shows lower volatile matter than fresh
sawdust [27]. Mangrove charcoal was chosen to represent as biomass in Thailand. The samples
were sieved to get samples with mesh sizes between 16-20 mesh. Consequently, characterizations
of charcoal were carried out to determine weight percentage of components (including carbon,
hydrogen, nitrogen and oxygen) and percentage of physical properties (including moisture, volatile

matter, fixed carbon and ash) by using ultimate and proximate analysis methods, respectively.
2.2 Simulation of combined gasifier and reformer

The simulation used Aspen Plus software. The main purpose was to find out the possible

boundary of operating condition for experimental study.

2.2.1 Process description

» CO, Captured

Cooler 2

CO, Recycled ®‘
RYield

Biomass Y

» ’_‘ CO, absorption unit

\__J S~
Oxygen RGibbs REqui[

' Synegas Product
Water @

Cooler 1

Steam Generator

Figure 2.1 Process flow diagram of combined gasifier and reformer



Combined gasification with reforming system composes of gasifier, reformer and CO2 separation
unit. Biomass represented by charcoal is used as feedstock for utilization with inlet reaction agents
of steam and oxygen. Produced carbon dioxide is later recycled back to the process for use as
reaction agent. Process flow diagram is illustrated in Figure 2.1 and conditions of feedstock and

reaction agents are summarized in Table 2.1.

Table 2.1 Inlet conditions of feedstock and reaction agents

Feedstock Charcoal
Inlet temperature of biomass and O, 25°C
Inlet temperature of CO; 150 *C
Inlet termperature of steamn 327 *C
Pressure 1 atm

Charcoal was fed to the gasifer, separated into two reactors (RGibbs and RYield). RYield reactor
is used for breaking charcoal down to elements containing carbon, hydrogen, oxygen and nitrogen.
Consequently, the elements are fed to RGibbs reactor for gasification process with other reaction
agents. Subsequently, gasifier effluent is directly fed to reformer modeled by using a REquil reactor
in order to upgrade syngas product. The product is treated in the CO2 absorption unit for eliminating
CO2 out of the product stream, for this step heat required is 3 MJ/kg CO2 captured. Finally, the
CO2 is recycled to RGibbs for use as reaction agents again. CO2 capturing stream is installed in

order to adjust the CO2/Biomass feed ratio.
2.2.2 System modeling

Modeling of gasification process can be done by using each stoichiometric or non-stoichiometric
approach, called Gibbs minimization approach. Set of reactions and extent of reaction are known
parameters for the case of stoichiometric approach. For non-stoichiometric approach, only the
expected product gas components are defined. Many researches confirm that the Gibbs

minimization method give good agreement of results as the experimental results [47-49].

Charcoal used as unconventional component in Aspen Plus is fed to RYield reactor for breaking
down to elements has input data as listed in Table 2.2. The high heating value of charcoal using

the correlation provided by Channiwala and Parikh [49] is shown in Eq. 2.1.



HHWY (M/ke) = 0.3491x + 1178 3m — 0.103dx,

Carbon conversion of simulation process is calculated by Eq. 2.2.

Table 2.2 Input data of charcoal

Table 2.3 Range of studied parameters

Table 2.3 shows the range of studied parameters including gasification temperature,
reforming temperature, O2/B feed ratio, S/B feed ratio and CO2/B feed ratio. This work was
simulated under isothermal condition. O2/B was set in the range of 0 to 0.5 for assuring the partial
oxidation occurred. Figure 2.1, cooler 1 was installed to reduce temperature of syngas product to
30 °C and cooler 2 set for removing heat from CO2 stream in order to obtain the temperature at

value of 150 °C. Long-chained hydrocarbon compounds are neglected for this work.
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Table 2.4 Operating conditions

B Mi loading 5-150
Temperature 400 — 800 *C
Pressure Atrnosphere

Table 2.5 Operating conditions of Gas Chromatography

2.3.2 Catalysts and characterization

Ni/SiO2 catalysts were used in this experiment with various percentages of nickel loading
by 5%, 10% and 15%. Nickel(ll) nitrate hexahydrate (Sigma-Aldrich) solution, dissolved with distillate
water, is used as precursor for impregnation on the commercially available silica sand (SiO2)
(Sigma-Aldrich) as supporter. Consequently, the catalysts were dried at 105 °C overnight in order
to evaporate water. Subsequently, calcination was able to remove the volatile compound under

condition of air with temperature of 500 °C for 4 hours.

Prepared catalysts were characterized by X-ray diffraction (XRD) techniques to observe the
XRD peak pattern which indicated the presence of metal catalyst and support element using X-ray

diffractometer SIEMENS D 5000. The results were shown in a range of 20 of 20° and 80°.

BET surface area measurement (BET) technique was conducted by BET Micromeritrics

ASAP 2020 using 0.1 g of sample to obtain surface area and pore volume of prepared catalysts.



Scanning Electron Microscope (SEM) is used for investigating the morphology and also
measuring the particle size of prepared catalysts analyzed by Hitachi S-3400N with accelerating

voltage of 15kV.

H2 temperature-programmed reduction (H2-TPR) was used for investigating the optimum
reduction temperature of catalysts before using in the reaction study by Micrometrics Chemisorb
2750. Catalyst sample of 0.1 g was packed with quartz wool of 0.03 g in U-tube quartz reactor, then
removed the moisture content from catalyst particle by using N2 gas with heating to 200 °C and
held for 1 hour. Subsequent, the catalyst was cooled down to ambient temperature and heated up
to 800 °C under 25 mil/min of 10% H2/Ar for temperature programmed reduction. Hydrogen gas

used in this step was observed by thermal conductivity detector (TCD) and plot versus temperature.

Thermal gravimetric analysis (TGA) is used for analyzing the coke formation of spent
catalysts. Using Mettler-Toledo TGA/SDTA for investigated the percentage of weight loss by carbon

on catalysts combustion versus temperature.
2.3.3 Product analysis

Effect of reaction temperature was studied by controlling furnace temperature at 400 °C,
600 °C and 800 °C. Percentages of nickel loading on catalyst were varied at 5%, 10% and 15% in
order to obtain the optimum condition for the following parameter. Finally, out of optimum %Ni
loading and reaction temperature then the several of reaction agents to biomass feed ratio, O2/B,

S/B and CO2/B, were studied.

Product gases were investigated using gas chromatography (TCD) equipment (detailed in
Table 2.5). Carbon conversion is calculated using carbon balance of CO2, CO, CH4 and charcoal
method by Eq. 2.5 [14]. H2 and CO yields from experimental were reported by proportion of total
mole of H2 and CO to gram of biomass used by Eq. 4.6 [9].

formation of (CO+CO, +CH,)

Carben conversion (%) = = 100
feeding of (Carbon+ CO,) (2.5)

mole of product gas(mole)

Yield (mol/eram-biomass) =
biomass feed(gram)



3 RESULTS AND DISCUSSION

3.1 Charcoal characterization

In order to study the combined gasifier with reformer process, characterization of raw material
charcoal was tested by proximate and ultimate analysis and the results are presented in Table 3.1.
Data from proximate and ultimate analysis were used for this study in both of simulation and

experiment.

Table 3.1 Proximate and ultimate analysis of charcoal

3.2 Characterization of fresh catalysts

Before reaction test, characterization of catalysts were conducted by X-Ray Diffraction
(XRD), BET surface area measurement, hydrogen temperature programmed reduction (H2-TRP)

and Scanning Electron Microscopy (SEM).



3.2.1 X-Ray Diffraction (XRD)

The XRD peaks of Ni/SiO2 catalysts with varying loading percentage of Ni from 5%, 10%
and 15% were illustrated in Figure 3.1. The diffraction peaks of NiO on catalysts were observed at
degree of 37.2°, 43.3 ° and 62.9 ° for 3 types of catalysts as reported by Taufig-Yap et al. [19]
and Wang et al. [51]. NiO degree shows higher peaks with increasing of %Ni loading.

Figure 3.1 XRD patterns of SiO2 and Ni/SiO2 with various percentages loading

(a) Si02, (b) 5%Ni/SiO2, (c) 10%Ni/SiO2 and (d) 15%Ni/SiO2

3.2.2 BET surface area measurement

Surface area results of catalysts are shown in Table 3.2. Increasing in %Ni loading on support
results in reduction of surface area (SiO2 > 5%Ni/SiO2 > 10%Ni/SiO2 > 15%Ni/SiO2,

respectively).



Table 3.2 Physical properties of catalysts

Catalysts Surface area (m°/g)
510, 547
5%aMi/ 510, 382
10%Ni/Si0; 3.28
15%Ni/5i0; 222

3.2.3 Hydrogen temperature programmed reduction (H2-TRP)

Figure 3.2 H2-TPR profiles of catalysts.

H2-TPR analysis was conducted for the catalysts. Reducibility of NiO on support was
presented as TPR profile as shown in Figure 3.2. The main reduction peaks of catalysts were
observed clearly for temperature around 350 °C to 400 °C. The results are in agreement with

Taufig-Yap et al. [19] and Wang et al. [51].
3.2.4 Scanning Electron Microscopy (SEM)

To understand the influence of %Ni loading on SiO2 support, catalysts were characterized

using SEM as shown in Figure 3.3. The morphology of Ni/SiO2 with various %Ni loading was



observed and compared to SiO2. Higher %Ni loading shows higher of NiO sites as seen in Figure

3.3(d). 5%Ni/SiO2 displayed the slightly difference with SiO2 support as in Figures 3.3(a) and (b).

Figure 3.3 SEM images of fresh catalysts.

3.3 Model validation

Before studying the simulation, the model was verified by comparing the gasifier model
with Renganathan [12] and Chaiwatanodom [11]. The differences were less than 10%, revealing

the good agreement of this model as shown in Table 3.3.



Table 3.3 Model validation of gasifier (biomass CH1.400.6, CO2/C = 0.5, P = 1 atm)

[12] [11] This work  %error [12]  %eror [11]
T = 800 °C
yH: 0.2070 0.2098 0.3108 1.23 032
yCO 0.6000 0.5978 0.5977 0.39 0.02
yC O, 0.0920 0.0901 0.0892 g.o9 10
yCH, 0.0000 0.0430 0.0023 n'a 04 54°
T = 1000 =C
yH; 0.2900 0.3025 0.3036 168 0.35
yCO 0.6250 0.6241 0.6238 019 0.05
yiO; 0.0810 0.0733 0.0726 10.38 0.97
yCHy 0.0000 0.0587 0.0000 nfa n/a
T = 1200 2C
wHa 0.2900 0.2943 0.2957 195 046
yCO 0.6500 0.6429 0.6424 118 0.08
yC O, 0.0670 0.0628 0.0620 T.49 131
yCHy 0.0000 0.0710 0.0000 n'a n/a

® Meglect due to insignificant value

Model validation of reformer was also verified. Comparison of the model with Gopaul and Dutta
[52] also showed a good agreement, confirmed by the difference less than 10% as shown in

Table 3.4.



Table 3.4 Model validation of reformer (CH4/CO2 = 1.43, P = 1 atm)

[52] This weark Ygermor [57]

T =600 2C

H, (kmol/kmol bicgas) 0.200 0.830 777

CO (kmol/kmol biogas) 0.630 0.690 952

CO: (kmol/kmeol bicoas) 0036 0039 8.33

CHy (kmol/kmol biogas) 0.020 0.018 10.00
T =900 °C

H, (kmol/kmol biogac) 0870 0907 6.49

CO (kmol/kmol bioeas) 0.705 0.770 922

COs (kmol/kmol biogac) 0010 0011 10.00

CHy (kmol/kmol biogas) 0.008 0.007 8.75
T = 1000 oC

Hz (kmol/kmol bicgas) 0290 0203 8.78

CO (kmol/kmol biogas) 0741 0776 495

CO, (krmol/kmol biosas) 0.000 0.002 n'a

CH, (kmol/kmol biogas) 0.000 0.000 nfa

3.4 Thermodynamic analysis of combined gasifier and reformer process

The simulation results of combined gasifier and reformer process using various reaction

agents are reported below.

3.4.1 Effect of gasifier temperature

The simulations were proceeded to study the conversion of carbon at different gasifier
temperatures. Figure 3.4 illustrates that the gasifier temperature (Tg) of 600 °C offers the
maximum conversion of charcoal to reach 100%. Due to endothermic reaction of reverse
boudouard and steam reforming, increasing reaction temperature leaded to higher conversion

accordingly to standard Gibbs free energy changes of gasification reactions [37].



Figure 3.4 Effect of gasification temperature on carbon conversion (0O2/B = 0.5, CO2/B

and S/B = 1)
3.3.2 Effect of reformer temperature

Previously, the gasifier temperature (Tg) of 600 °C offers the carbon conversion reaching
maximum, this condition is used for studying the reforming temperature (Tr) parameter. Figure
3.5(a) shows the effect of reformer temperature on product gases composition, cold gas efficiency
(CGE) and syngas ratio (H2/CO). Higher reformer temperature offers the lower trend of H2 and
CH4 composition, but rising of CO. They are mainly explained by endothermic reverse water gas
shift and methane reforming reaction. So, syngas ratio is presented in downtrend. CGE is reached
the maximum value of 0.51 at 700 °C of reformer. CO2 emr, the emission ratio of CO2 to
atmosphere, also reduced with higher reformer temperature due to endothermic of reverse
boudouard reaction. Total heat required for process is calculated by the difference between heat
supplied to each unit in the process and enthalpy of syngas. The minus value means that there is
net heat generated from the process. The total heat obtained from process increases with

reformer temperature as illustrated in Figure 3.5(b).



(a) Product gas compositions, CGE and H2/CO ratio Note *excluding H20 and CO2

(b) CO2 emr and total heat
Figure 3.5 Effect of reformer temperature on (a) product gases and (b) CO2 emr and

total heat (Tg = 600 °C, O2/B = 0.5, CO2/B and S/B = 1)



3.3.3 Effect of O2/B feed ratio

Gasifier temperature (Tg) of 600 °C and reformer temperature (Tr) of 700 °C were used as
standard condition for the next simulation part. S/B and CO2/B feed ratio were both fixed as 1 for
studying the effect of oxygen feed ratio. O2/B feed ratio was used at maximum of 0.5 to make the
partial oxidation reaction possible. CGE reached the maximum for the O2/B ratio of 0.2 then
dropped with higher feed ratio because at higher O2, combustion reaction is more favorable than
partial oxidation reaction. The product gases composition is reported in Figure 3.6(a). The CO2
emr value becomes higher with increasing O2/B ratio, and the total heat increased with presence

of O2 due to exothermic reaction and optimum at O2/B ratio of 0.2 as displayed in Figure 3.6(b).
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Figure 3.6 Effect of O2/B feed ratio on (a) product gases and (b) CO2 emr and total heat
(Tg = 600 °C, Tr = 700 °C, CO2/B and S/B = 1)

3.3.4 Effect of S/B feed ratio

Figure 3.7(a) indicates the higher H2/CO ratio in the product with increasing molar S/B
feed ratio from O to 1, agreeing with Wei et al. [10], because of steam reforming and water gas
shift reaction. For S/B ratio approximately 0.4, CGE achieved the highest at 0.511 and stayed
stable. CH4 was found to be insignificantly small amount. It can also indicate that water gas shift
reaction plays an important role in increasing of CO2 composition, causing CO2 emr rising up
from 0.21 to 0.32, this was also reported by Wei et al. [10]. Total heat obtained from process
increased with introduced steam by feed ratio from 0 to 0.4, nevertheless, S/B feed ratio beyond
0.4 pulled down the heat obtained due to the increased demand for the steam generating unit as

shown in Figure 3.7(b).
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3.3.5 Effect of CO2/B feed ratio

This simulation part is investigated the effect of CO2/B ratio. This step is divided
into sub-parts for studying the best condition of both O2/B and S/B affecting to CO2/B
ratio.

Before investigating the effect of O2/B and S/B feed ratio on CO2/B, standard
conditions of both O2/B and S/B were set as 0.5 and 1, respectively. The results are
illustrated in Figure 3.8 as follows. For Figure 3.8(a), increasing in CO2/B ration offers
lower of H2 with greater CO because higher CO2 in feed shifts the reverse boudouard
reaction to produce more CO, similar to the reverse water gas shift reaction, resulting in
higher and lower in constant rate of CO and H2, respectively. This results in a relatively
constant CGE value at about 0.51 but the H2/CO ratio could be varied in a range of 1 -

1.9. The results are in good agreement of trend with Chaiwatanodom [11].
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Figure 3.8 Effect of CO2/B feed ratio on (a) product gases and (b) CO2 emr and total heat (Tg =
600 °C, Tr = 700 °C, S/B = 1 and O2/B = 0.5)

The CO2 emr decreased from 1 to 0.42 when increasing CO2/B feed ratio from 0 to 1,
indicating that more recycle of CO2 back to process can reduce the CO2 emission. However, heat
obtained from the process also reduced from 2,011 MJ/hr to 1,552 MJ/hr by supplying to the CO2

capture and recycle processes as displayed in Figure 3.8(b).

The next sub-part focued on the effect of CO2/B ratio at the best condition of O2/B feed
ratio of 0.2 with S/B = 1. The results are shown in Figure 3.9. Trends are almost similar to O2/B
of 0.5. Except to CGE, the higher of CGE (indicated more efficiency of syngas product) obtained
from O2/B ratio of 0.2 higher than O2/B ratio 0.5 by 0.51 to 0.77. Product gas compositions and

syngas ratio are less difference from the previous condition as below in Figure 3.9(a).
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Figure 3.9 Effect of CO2/B feed ratio on (a) product gases and (b) CO2 emr and total heat (Tg =
600 °C, Tr = 700 °C, S/B = 1 and O2/B = 0.2)

For CO2/B nearly 1, the CO2 emr value of 0.13 is less than condition of O2/B = 0.5

because more O2 in feed stream produced more CO2 causing to more emission of CO2 from the



process. However, net heat which obtained in this case was lower than the previous condition for
CO2/B ratio less than 0.8. This indicated that for O2/B ratio of 0.2 condition, the CO2/B ratio
greater than 0.8 did not only offer high value of CGE and net heat obtained from process but also

reduced in cost of O2 feed and also CO2 emission as shown in Figure 3.9(b).

Next sub-part is focused on the condition at the ratios of S/B = 0.4 and O2/B = 0.5. The
product gas compositions, syngas ratio, CGE, CO2 emr and net heat which obtained from process

were shown in Figure 3.10 as follows.
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Figure 3.10 Effect of CO2/B feed ratio on (a) product gases and (b) CO2 emr and total
heat (Tg = 600 °C, Tr = 700 °C, S/B = 0.4 and O2/B = 0.5)

Figure 3.10(a) shows the product gas compositions. H2 decreased with increasing CO2/B
ratio but CO increased due to the same reason of the previous condition. However in this case,
the composition of H2 was lower than the previous because the lower of steam for reforming with
charcoal in the feed and the CO composition was higher because lower of steam caused the
reverse boudouard reaction more preferred. CGE reached the maximum at CO2/B of 0.8. For
CO2 emr and net heat shown in Figure 3.10(b), the lowest CO2 emr achieved was of 0.24 and
the net heat obtained was 1,680 MJ/hr for CO2/B = 1. This indicates that lowering the O2/B
suitable for reducing the CO2 emr while the lowering the S/B ratio is suitable for reducing the

energy supplied to process.

For the best condition of each O2/B and S/B feed ratio, the next sub-part study focused on
the condition at O2/B and S/B of 0.2 and 0.4, respectively. The effect of CO2/B ratio was shown
in Figure 3.11.
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In contrast, the ratio of CO2/B in this case reached the maximum value of 0.8 because the
lack of steam and O2 from feed stream. S/B ratio of 0.4 and O2/B ratio of 0.2 are not able to
produce enough CO2 for supplying to the process for the condition of CO2/B ratio higher than 0.8.
Figure 3.11(a) shows the similar trend of product gas compositions as the previous condition,
however, the CGE is lower than the previous condition because lower syngas was produced. The
lack of reaction agents caused the lower yield of produced syngas. The CO2 emr shows the
lowest value of 0.11 when CO2/B ratio is 1. Considering the net heat obtained, this condition also
provides the lowest net heat of 1,229 MJ/hr because of low syngas yield.

From all of the previous conditions, the optimum condition in terms of CO2 emr, CGE and
net heat obtained is proposed as O2/B of 0.2 and S/B of 0.8. The results were shown in Figure

3.12.
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Figure 3.12(a) shows the similar trend of gas products, but the optimum of this case
acquired from the high CGE was almost equal to the case of CO2/B=1, O2/B= 0.2 and S/B = 1.
However, the lower S/B of 0.8 in this case offers lower cost in steam generation. Considering CO2
emr, this case offers the value of 0.10 (Figure 3.12(b)), which was lower than the case of CO2/B =
1, 02/B= 0.2 and S/B = 1. Although, the highest net heat obtained from the process, acquired
from the case of CO2/B= 1, 02/B= 0.5 and S/B= 0.4, is 1,680 MJ/hr but CGE is 0.51 which is
lower than that of the present case (CO2/B 1, 02/B 0.2 and S/B 0.8) of 0.67 (net heat obtained is
1,468 MJ/hr).

3.4 Reaction study of combined gasifier and reformer

This part studied the effects of temperature, %Ni loading and feed ratios on product gas

compositions, carbon conversion and product gas yield.

3.4.1 Effect of temperature

In order to find out the suitable reaction temperature, tests at various reaction

temperatures were conducted. Reaction temperatures of 400 °C, 600 °C and 800 °C were



investigated, using only 1 g of charcoal in the quartz tube reactor with feeds of 02, CO2 and
steam at a ratio of O2/C0O2/S/B = 0.5/1/1/1. Product gas compositions (excluding H20 and CO2)

are listed in Table 3.5 as follow.

Table 3.5 Effect of reaction temperature on product gas composition

The results showed at reaction temperatures of 400 °C and 600 °C, 1 g of charcoal was
not completely used after 180 minutes of reactions. However, all charcoal was reacted at reaction
temperatures of 800 °C after 120 minutes as observed by no product gas produced anymore (the
actual feed ratio is 02/C0O2/S/B = 0.33/0.66/0.66/1). The mole fractions of product gases at those
operating temperatures (excluding H20 and CO2) were displayed in Figure 3.13.
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Figure 3.13 Effect of operating temperature on moles fraction of product gases, 02/C0O2/S/B =
0.5/1/1/1 and Non-catalyst (excluding H20 and CO2)
Mole fraction of product gases at 800 °C contained higher CO than H2, this is because
reverse water gas shift and boudouard reaction are preferred at higher temperature, leading to
more CO produced [53]. Carbon conversion and product gas yield were also reported in Figure

3.14.



Figure 3.14 Effect of reaction temperature on carbon conversion and product gas yield,

02/C02/S/B = 0.5/1/1/1 and Non-catalyst.

Carbon conversion increased with operating temperature from 40% at 400 °C to 77% at
800 °C. Gas yield was calculated by moles of product gas from experiment divided by gram of
used biomass. Increasing reaction temperature offers more carbon conversion and product gas
yield. For 800 °C, carbon conversion reaches the maximum of 77%, moreover, H2 and CO yield

also reaches the maximum.

3.4.2 Effect of Ni% loading on catalysts

From the result of the highest carbon conversion, the operating temperature of 800 °C and
02/C02/S/B feed ratio of 0.5/1/1/1 were fixed to study the effect of Ni% loading on catalysts.
There values of Ni% loading of 5%Ni/SiO2, 10%Ni/SiO2 and 15%Ni/SiO2 were used for
evaluating the performance of combined gasifier and reformer process. Product gas compositions

are presented in Table 3.6 as follows.



Table 3.6 Effect of Ni% loading on product gas compositions

For the cases of 10%Ni/SiO2 and 15%Ni/SiO2, 1g of charcoal was completely used.
However, 5%Ni/SiO2 reached complete reaction at 100 minutes (the actual feed ratio is

02/C0O2/S/B = 0.27/0.55/0.55/1).
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Figure 3.15 Mole fractions of product gases for catalysts with different loading, T = 800 °C and
02/C0O2/S/B = 0.5/1/1/1 (excluding H20 and CO2)

Adding the catalysts was able to improve the performance of the process by increasing H2
and CO contents. The effects of different Ni% loading were conducted for 3 hours. However, only
slight changes in mole fraction of the product gases were observed (Figure 3.15) because the

amount of H2 and CO increased in almost proportional ratio.

Therefore, adding reforming catalysts in the reactor could improve the performance by
upgrading syngas product as observed in increasing of product gas yield with higher Ni% loading
(Figure -.16). Then, carbon conversion was also investigated and the results were displayed in

Figure 3.16.



Figure 3.16 Carbon conversions of various catalysts, T = 800 °C and 02/C0O2/S/B = 0.5/1/1/1

Carbon to gas conversion was calculated by total moles of carbon atom in gas product
divided by moles of 1 g charcoal. So, increasing in carbon conversion is due to increase of CO in
syngas product as presented in Figure 3.16. By the reason in quantity of syngas product
compared to percentage of Ni loading and carbon conversion, so the optimum catalyst is

10%Ni/SiO2.

Then, the further studied using 10%Ni/SiO2 catalyst and operating temperature of 800 °C

were conducted. The results of the effects of O2/B, S/B and CO2/B were described as follows.
3.4.3 Effect of O2/B feed ratio

The presence of O2 in feed stream offers both advantage and disadvantage. On one
hand, higher O2 causes the reaction preferably to combustion from partial oxidation reaction
which means that more CO2 was produced than CO. On the other hand, introducing O2 can be
reduced heat supplying to the reactor due to the exothermic of combustion reaction [35]. Figure
3.17 shows the total moles of product gas, represented product gas yield, after 3 hours of reaction
time, introducing O2 from ratio 0 to 0.5 could slightly improve the CO via partial oxidation reaction.

Product gas composition with time on stream is shown in Table 3.7.



Table 3.7 Effect of O2/B feed ratio on product gas composition
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Figure 3.17 Effect of O2/B ratio on carbon conversions and product gas yield, T = 800 °C,
CO2/S/B = 1/1/1 and used 10%Ni/SiO2

Introducing the O2 can improve the process performance as observed in Figure 3.17, by

increasing O2/B ratio from 0 to 0.5 increased the carbon conversion by 17%.
3.4.4 Effect of S/B ratio

The effect of S/B feed ratio was also investigated in the experimental studies. S/B feed
ratios were varied by 0, 1 and 2. All the results indicated that 1 g of charcoal was completely used

in 3 hours reaction time. The product gas composition is listed in Table 3.9 as below.



Table 3.8 Effect of S/B feed ratio on product gas composition
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Figure 3.18 Effect of S/B feed ratio on mole fraction of product gases, T = 800 °C, O2/CO2/B =
0.5/1/1 and used 10%Ni/SiO2 (excluding H20 and CO2)

Figure 3.18 shows the effect of S/B ratio on product gas mole fractions. This can be

observed that higher S/B ratio offers higher mole fraction of H2 because more steam shifts the



steam reforming [15] and water gas shift reaction also plays an important role in decreasing of CO

[10], according to the product gas yield (Figure 3.19).

Figure 3.19 Effect of S/B feed ratio on carbon conversion and product gas yield, T = 800 °C,
02/C02/B = 0.5/1/1 and used 10%Ni/SiO2

Figure 3.19 shows that the carbon conversion increased from 77% to 94% by increasing
S/B ratio from 0 to 2. However, the product gas yield of H2 increased from S/B ratio 0 to 2 due to
water gas shift reaction [10]. But, CO yield was observed for the maximum at S/B ratio of 1. In
overview, in this case of the experimental studies shows poor performance in syngas production
due to presence of CO2 in the feed stream compared to other research with no CO2 in feed

stream [10].
3.4.5 Effect of CO2/B feed ratio

The effect of CO2/B ratio is another interesting parameter. The higher CO2/B ratio
indicated the case with more CO2 recycled back to the process. This offers an advantage in
utilizing CO2 instead of emitting it to atmosphere. Results of product gas composition are shown

in Table 3.9 as below.
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Figure 3.20 Effect of CO2/B feed ratio on mole fraction of product gases on, T = 800 °C, O2/S/B =
0.5/1/1 and used 10%Ni/SiO2 (excluding H20 and CO2)

Table 3.9 Effect of CO2/B feed ratio on product gas composition



Table 3.9 Effect of CO2/B feed ratio on product gas composition (cont’d)

According to the previous work of Wang et al. [15] on the effect of CO2 to propane molar
feed ratio, the results indicated that moles of H2 in product gas were close in both cases of CO2
to propane molar ratio 1 and 3. The results from this study, as shown in Figure 3.20, show the

similar trend.

For CO2/B ratio of 0, this can represented the main reaction consisting of steam and
partial oxidation. This offered the highest H2 in syngas product and also high CO. But in term of
CO2 emission, this offers the low performance. The suitable ratio was CO2/B = 1 due to the
highest moles of H2 and CO in product gas. Carbon conversion and product gas yield were also

investigated as presented in Figure 3.21.

And Figure 3.21 also reported that product gas yield for the case of CO2/B ratio of 0
shows the highest but dropped with the addition of CO2 in the feed stream. The highest carbon
conversion was observed in the case of CO2/B ratio 1; this can be inferred that charcoal was

converted into syngas product.



Figure 3.21 Effect of CO2/B feed ratio on carbon conversion and product gas yield, T = 800 °C,
02/S/B = 0.5/1/1 and used 10%Ni/SiO2

Table 3.11 Syngas ratio on various feed ratio

Finally, Syngas ratio was also observed in all of studied cases. Table 3.11 shows that
syngas ratio from various O2/B was not much different. By increasing S/B ratio, syngas ratio
becomes higher. When increasing CO2/B ratio, syngas ratio can be adjusted in wider range than

being adjusted by steam and O2 (0.2-1.4).



3.5 Comparison of model and experimental

For case of reaction temperature 800 °C, the mole fraction of product gas from
experimental was calculation using raw data as shown in Figure 3.22. Comparison of product gas
mole fraction on different percentage from modeling and experimental was conducted to

investigate the different of modeling and experimental.

Figure 3.22 Raw result of product gas from experiment (T = 800 °C, non-catalyst and O2/S/CO2/B
= 0.5/1/1/1)

For experimental, the product gas mole fraction was calculated as yH2 = 0.222 and yCO =
0.778, for modeling, yH2 = 0.434 and yCO = 0.566. Then calculate the different percentage

between modeling and experimental of H2 was 48.85% and CO was 37.45%.



4 CONCLUSIONS AND RECOMMENDATIONS

In this work, the performance of combined gasifier and reformer using charcoal was
evaluated on product gas composition, CO2 emr, CGE, carbon conversion, product gas yield and
H2/CO ratio. The effects of temperature, feed ratio and Ni% loading on catalyst were considered.
The conclusions and recommendations for future work were listed below.

4.1 Conclusions

1. The thermodynamic analysis results indicated that the suitable operating temperature was
700 °C because this temperature offered the highest CGE and optimum net heat obtained from
process. The suitable O2/B and S/B feed ratios were at 0.2 and 0.4, respectively, which are
considered in terms of CGE and net heat obtained. Increasing CO2/B ratio decreased the CO2 emr,
but lower net heat and H2 content in syngas product were also obtained. H2/CO ratio was easier
adjusted by altering the CO2/B in the feed stream.

2. The results of the experimental study showed the good agreement with thermodynamic
analysis simulation. This can be observed from the trend of the results. Higher operating temperature
leaded to more carbon conversion and syngas product. Results of O2/B feed ratio deviated slightly
from simulation results. The H2 content in syngas product increased with increasing S/B ratio. The
higher CO2/B feed ratio offered increasing of CO and decreased H2. Moreover, the H2/CO ratio
can be adjusted from 0.2 to 1.4 by varying the CO2/B feed ratio.

3. Catalyst characterization revealed that higher Ni% loading on SiO2 caused reduction in
surface area of catalyst as observed by BET method. From the results of H2-TPR peaks, the
suitable reducing temperature was in range of 350 °C — 400 °C. 10%Ni/SiO2 was the optimum
catalyst according to the suitable syngas product.

4.2 Recommendation

1. From the reaction studied, using the mass flow controller offered the higher accurate in
adjusting flow rate than using the needle valve.

2. Gas chromatography should examine the light hydrocarbons, this offers higher accurate
in calculating carbon conversion.

3. The size of quartz tube reactor affects the height of charcoal pack bed, bigger quartz tube
reactor offers the shorter pack bed, leading to reduce error in temperature profile of furnace.

4. The effect of catalyst support should be considered.

5. Split furnace to two units can be improved in controlling temperature profile of reactor.
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