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ABSTRACT

This study addresses the energy flows and energy efficiency of integrated catalytic adsorption
biomass steam gasification for hydrogen production in a pilot scale bubbling fluidized bed
system utilizing palm kernel shell as feedstock. The integrated catalytic adsorption utilizes
catalyst and CO» adsorbent together in the single fluidized bed gasifier. Various variables such
as effect of temperature (600-750 °C), steam to biomass ratio (1.5-2.5 w/w), adsorbent to
biomass ratio (0.5-1.5 w/w), fluidization velocity (0.15-0.26 m/s) and biomass particle size
(0.355-0.500 to 1.0-2.0 mm) are investigated. The results imply that the overall requirement of
gasification energy increases with increasing gasification temperature, steam to biomass ratio,
fluidization velocity, and decreases with adsorbent to biomass ratio whilst no significant
increase is observed by varying the biomass particle size. However, a slight reduction in
required energy is observed from 600 °C to 675 °C which might be due to strong CO;
adsorption, an exothermic reaction, and contributes to the energy requirements of the process.
Besides, hydrogen-based energy efficiencies increase with increasing temperature while first
increases to a medium value of steam to biomass ratio (2.0), adsorbent to biomass ratio (1.0)
and fluidization velocity (0.21 m/s) followed by a slight decrease (or remains unchanged). The
integrated catalytic adsorption steam gasification is found to be a high energy consuming
process and thus, waste heat integration needs to be implemented for feasible hydrogen

production.
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1. Introduction

There is growing interest in hydrogen as an energy carrier due to serious environmental issues
and greenhouse gas emissions caused by conventional fossil fuels. Presently, almost 98%
hydrogen comes from fossil fuels [1]; however, their fast depletion rate and other competing
use of fossil fuels have serious concerns, and search for renewable sources has been intensified.
Biomass is one of the most promising sources among renewable resources to produce abundant,
clean and renewable hydrogen and is the only real alternative to fossil fuel derived hydrogen,
with likely emerging competition from water electrolysis which is electrically intensive.
Among thermal conversion processes, biomass gasification is the one process which shows
great potential for renewable hydrogen production [2]. Biomass gasification produces gaseous
mixtures that mainly contains: Hy, CH4, CO and CO» (by using air, oxygen and steam or in

combination as the gasifying agent).

Recent application of catalyst and in-situ CO; adsorption to enhance hydrogen from
biomass gasification makes the process more viable for commercial scale. Efforts are mainly
focused on reducing the number of process units by introducing novel catalyst [3, 4], CO»
sorption [5-7] or coupling both in the same reactors (after gasification) [8] and/or in separate
reactors (after the pyrolysis step) [9]. However, utilizing methane reforming catalyst and CO;
sorbent together in one bed may have an advantage of needing a single reactor. CO» capturing
through carbonation reaction shifts the equilibrium of water gas shift and steam methane
reforming towards more hydrogen production [10]. The addition of catalyst will further
enhance the activity of steam methane reforming towards hydrogen production [11]. Based on

our previous research work, there are advantages of the process to operate in a single unit in



order to minimize the capital cost by avoiding additional downstream units [12, 13]. Secondly,
the benefits of utilizing methane reforming catalyst and CO; sorbent together in one bed and a
single reactor can be understood by considering the main biomass steam gasification reactions
with in-situ CO; adsorbent (Equations 1-4). The capturing of CO» takes place via the
carbonation reaction (Eq. 4) which accelerates the water gas shift reaction towards enhanced
hydrogen production under Le Chatelier’s principle. The amounts of CO react in water gas
shift (Eq. 3) comes from steam methane reforming (Eq. 2) and char gasification (Eq. 1), and
provides an opportunity to accelerate the former reaction through the enhanced activity of later
reactions. Steam methane reforming and char gasification are both endothermic reactions and
the activities are heavily dependent on maintaining a high temperature. However, with
temperatures > 725°C for biomass gasification, with in-situ CO> adsorbent in the bed, is a
matter of concern due to reverse carbonation, especially when CaO is used as an adsorbent [ 14-
17]. Therefore, using steam methane reforming catalyst in the bed not only enhances hydrogen
production but also provides more CO (even at low temperature) to allow the water shift

reaction to move in the forward direction.

Char gasification reaction (CGR),

C+H0— CO+H AH = 131.5 kJ/mol (1)

Steam methane reforming (SMR),

CHs4+ H20 <> CO +3H2 AH =206 kJ/mol (2)

Water gas shift reaction (WGSR),

CO +HxO — CO2+H2 AH=-41 kJ/mol 3)

Carbonation reaction



CO, +Ca0 — CaCO3  AH = - 170.5 kJ/mol )

Steam gasification is being identified as a potential process to produce clean hydrogen [18] and
using steam as the sole gasification agent has numerous advantages over using air or pure
oxygen, which is considered costly for small scale operation [19]. However, utilizing steam has
a high energy penalty; consequently, optimal experimental conditions need to be identified to
allow efficient and economical gasification operation. Few papers in the literature have been
found to address the energy flows and efficiency of biomass steam gasification for hydrogen
production [20-22]. Galanti et al. [23] reported the equivalence efficiency (sum of net electrical
and thermal energy to the thermal power input) related to syngas and hydrogen production
along with electric and thermal energy using coal and coal-biomass mixture in Web-based
Thermo Economic Modular Program (WTEMP) software. The main objective of the study was
to analyze the co-production of hydrogen and electricity via pyrolysis and gasification in an
existing steam power plant. For energy applications, Wang et al. [23] reported the energy and
exergy analysis of a combined cooling, heat and power (CCHP) system based on air
gasification. Some researchers, however, have reported the assessment of coal-based hydrogen
production with CO» capture [24] and biomass direct chemical looping for hydrogen production
[6]. Recently, Schweitzer et al. [25] carried out the biomass steam gasification utilizing sorption
enhanced reforming (SER) process model to evaluate the fuel-to-hydrogen and fuel-to-
hydrogen and electricity efficiencies. The concept of the model was to use in-situ CO; capture
limestone as a bed material using a gasifier and regenerator in biomass steam gasification
whereas additional energy was required to decompose CaCOs3 to produce CaO in the
regenerator. Based on the literature cited, it can be concluded that most of the previous studies
are limited to the theoretical approach to evaluate hydrogen based energy efficiencies in the
biomass steam gasification system. Secondly, the assessment of biomass steam gasification

with integrated catalytic-adsorption (ICA) for hydrogen production is not reported yet and will



be worthwhile to investigate. The CO» adsorption reaction is an exothermic reaction and a few
studies [18, 26] discuss the benefits of its add-in energy in overall energy requirement in the
heat intensive processes such as biomass steam gasification.

The present study addresses the energy flows and energy efficiency of integrated catalytic
adsorption (ICA) biomass steam gasification for hydrogen production in a pilot scale bubbling
fluidized bed system. Energy balance over gasifier with variable temperature, S/B, A/B,
fluidization velocity and biomass particle are investigated. The total energy requirements and
energy efficiency based on hydrogen and overall gas production are also reported and discussed

in detail.

2. Material and Methods

2.1. Materials

Palm kernel shell (PKS) as oil palm waste was used as the feedstock for hydrogen
production via integrated catalytic adsorption (ICA) steam gasification. The ground palm
kernel shell was supplied by My 4-Seasons International Sdn. Bhd, Malaysia, which was sieved
to a particle size of 0.355-0.500 mm and 1.0-2.0 mm. The proximate and ultimate analysis of

palm kernel shell is shown in Table 1.



Table 1. Proximate and ultimate analysis of PKS [13]

Moisture (wt %) 9.61

Proximate analysis (wt. % dry basis)

Volatile matter 81.03
Fixed carbon 14.87
Ash content 4.10

Ultimate analysis (wt. % dry-ash free basis)

C 44.61
H 5.58
N 0.46
S 0.11
O (by difference) 49.24
Higher heating value (MJ/kg) 17.32

Quicklime, commonly known as calcium oxide was used as a bed material as well as the source
of CaO to adsorb CO; in the product gas. The Quicklime was obtained from Universal Lime
Sdn. Bhd., Malaysia. The sample was ground and sieved to a particle size of 0.150-0.250 mm.
The physical properties of the bed material are given in Table 2. Pure Ni powder was used as

the catalyst and was purchased from Merck Chemicals.



Table 2. Physical properties and chemical composition of CaO (bed material) [27]

Particle density (kg/m®) 3053
Bulk density (kg/m?) 1047

Chemical composition (wt. %)

CaO 93.32
MgO 4.24
Si02 0.95
FexOs 0.23
Other metal oxides 1.0

(MnO, CuO, SrO, ZnO)

2.1 Experimental setup

Figure 1 shows the process diagram of the pilot scale fluidized bed ICA steam gasification
system. The gasification system mainly comprises a fluidized bed reactor with external electric
heaters, biomass feeding system, steam generator and superheater, cyclone solid separator, wet
scrubber, water separator, and gas analyzing system. The diameter and height of the fluidized
bed reactor were 0.15 m and 2.5 m, respectively. A perforated type distributor plate was used.
The gasifier operated with the superficial velocity of 0.15-0.26 m/s (3-5 times the minimum
fluidization velocity). The fluidized bed gasifier was continuously fed with biomass at 1.0-1.8
kg/h from the biomass feeding system at the side of the plant. The cooling water jacket was
provided to avoid biomass decomposition prior to injection into the gasifier. N2 was used to
transfer the biomass into the gasifier and to avoid any back flow. Saturated steam was provided

by the steam generator which was further heated to 250-300 °C in a superheater prior to



injection into the gasifier. To avoid tar condensation at the exit of the fluidized bed reactor, a
heating tape was wrapped and insulated all the way to the cyclone exit. The temperature range
of the heating tape was 300-400 °C. Before the start of each experiment, N> gas was purged
into the system to remove any entrapped gases. After the gasifier, product gas was passed
through the cyclone to separate solid particles from the product gas. The product gas was then
passed through the scrubber to attain a temperature less than 40 °C and then followed by a
separator to remove any final traces of water in the product gas stream. The gas sampling point
was located at the exit of the water separator. At the same point, the volumetric flow rate was
measured by the flow meter. All experimental runs lasted for 60 min. At the end of the
experiment, the biomass supply was stopped and the air was purged into the system. The
amount of char was determined by the amount of CO> formed when combusting residual solid
sample in the fluidized bed gasifier and downstream pipelines. The product gases i.e. CO, CO,
and CHs were analyzed by Gas Chromatography (Teledyne 7500, Teledyne Analytical
Instrument) with an Infrared (IR) type detector. Hydrogen and nitrogen were detected by Gas
Chromatography utilizing Molecular Sieve SA column (Teledyne 4060, Teledyne Analytical
Instrument) with Thermal Conductive Detector (TCD). The product gas was measured every

6 minutes at the sampling point located after the water separator.



Gas Sampling Water treatment system

Water supply Exhuast
1= H,
Biomass feeding system Gas Sampling
Cyclon:\\/
Solids
| Fluidized bed gasifiexr
. Wet scrubber Separator
Superheater
e) P Water
—o N,

———-0 Air

Fig. 1. ICA steam gasification system
2.2 Energy balance

The energy balance over the fluidized bed gasifier is shown in Figure 2 and is carried out

using Equation (5).
N M
Z(HPKS + Qsteam + QExt) = Z(HHZ + HCO + HC02 + HCH4 + Hunreacted steam) (5)
i=1 e=l1

Hpks, Osteam, QExe are input enthalpies associated with PKS, steam and external energy

are output enthalpies

1 j unreacted steam

provided by external heater while H, , H ., H,, , Hcpy, and

associated with Ha, CO, CO,, CH4 and unreacted steam.

Generally, H is calculated based on the heat of formation or formation enthalpy represented

as Hy. The enthalpy of each component is calculated using Equation (6).

Hl:niX(H )+AH,') (6)

AU



This can be further elaborated in terms of specific capacity, Cp, along with initial T; and T>

final temperatures. AH; is then calculated using Equation (7).

T,
AH, = [C,dT ()

T

The values for Hr and C, are given in Table 3. The energy balance was carried out using

eSankey 2.x software.

H,'(Hz, CO, COZ|CH4) 3 Hunneacrdsieam

(kW)
Hpys (kW) W%
// | Qe (kW)

Steam generator

Water | Fluidized bed gasifier

Ml Steam

(kW)

Fig. 2. Energy balance of ICA steam gasification of palm kernel shell
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Table 3. Enthalpy and heat capacity of components at the reference state [28, 29]

Component Hy (J.mol ™) Cp(J.mol 'k ")
Water 2241830 72.43+(10.39x10°YT-(1.50% 10°) T2
Hydrogen 0 27.01+(3.51x10°)T-(0.69%10%) T2
Carbon monoxide ~ -110530 28.07+(4.63x10°)T-(0.26x10°) T2
Carbon dioxide ~ -393520 45.37+(8.69%10°)T-(9.62%10%) T2
Methane 74870 14.15+(75.5%10%)T-(18x06)T2
Calcium oxide  -635600 41.84+(2.03x102)T-(4.52%10%) T2
1206900 82.34+(4.97x102)T-(12.87x10%)T"2

Calcium carbonate

f Xogs N S\T-2_ -6 (T2
PKS (Cellulose) LHV+H' co +2(H o) 176.67+(406.84x107)T-(59.82x10°)T~-(151.54%x10 (T?)

2.3 Energy efficiencies

The present study considers the energy efficiencies based on the output energy associated with
hydrogen and total gas generated in the ICA gasification system. The input energy to the
gasifier is associated with biomass, steam and the energy required for gasification. The energy
efficiency based on hydrogen, 71, is the energy associated with hydrogen in the product gas to
the sum of input energies associated with PKS (Epks), steam (Qsteam) and gasification process
as an external energy (Qext). Similarly, the energy efficiency based on product gas (Hz, CO,

COz and CHay), 12, is the energy associated with the product gas to the sum of Epks, Qsteam and

Qext-
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3. Results and discussions

3.1 Effect of temperature

Figure 3 shows the energy required for gasification increased from 3.64 to 4.74 kW with an
increase gasifier temperature from 600°C to 750°C. The analysis clearly indicates that the
required energy increases due to the endothermic nature of the process. Generally, the energy
is utilized to heat up the injected steam to the desired reactor temperature, biomass
decomposition and associated endothermic reactions i.e. char gasification and methane
reforming. As the temperature of the gasifier increases, the energy requirements increase inside
the reactor. This increasing energy consumption enhances the product gas yield via
endothermic reactions which corresponds to the higher energy released in the outlet stream, as
shown in Figures 3 (b). Similarly, higher activity of the endothermic reactions increases the
steam consumption inside the reactor which reduces the energy associated with unreacted
steam at the exit of the fluidized bed gasifier. A major part of the energy is released as unreacted
steam in the process which can be optimized through heat integration. The increase of external
energy requirements with increasing gasification temperature was also observed by Franco et

al. [10] for biomass steam gasification in a fluidized bed gasifier.

0.21kW(2.36%)  8.50 kW (97.64 %) 2.36 kW (23.98 %) 7.45 kW (76.02 %)
Product gas Unreacted steam Product gas Unreacted steam
(Hz, CH4, CO, CO3) e (Hz, CHa, CO, COz) 2

__ — B
e

F Gasifier J g Gasifier
H J 0.72 kW (8.28 %) L\J [ ! 0.72 kW (7.35 %)
)

3.64 kW (41.84 %) 434 KW (48.89 %) Energy included in steam 4.74 kW (48.37 %) 4.34 kW (44.28 %) Energy included in steam
Energy needed for gasification Energy associated with PKS Energy needed for gasification Energy associated with PKS

(@) (b)

Fig. 3. Energy balance over gasifier at (a) 600 °C and (b) 750 °C (steam to biomass ratio
=2.0, adsorbent to biomass ratio = 1.0, catalyst to biomass ratio = 0.1, fluidization velocity

= (.21 m/s)
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Figure 4 shows the product gas composition with the gasification energy required at
600 °C, 675 C° and 750 °C. The energy required first decreased from 600 °C to 675 °C (3.64
kW to 3.41 kW) and then increased at 750 °C (4.74 kW). This may be due to the highly active
CO> adsorption reaction at 675 °C which can also be verified by the maximum H»> with zero
CO2 concentration. The exothermic nature of the CO; adsorption reaction provides heat for
endothermic gasification reactions and reduces the overall energy requirements for the process
in the gasifier [30]. Besides, the H> yield increases with increasing gasification energy and the
maximum yield was observed at 750 °C. At high temperature, biomass to gaseous conversion
is high and the individual gas component flow rates are higher compared to that at lower
temperatures. Higher temperatures favour endothermic reactions i.e. methane reforming which

forms three hydrogen molecules for each methane molecule consumed.

ﬁHz ':'COz N CO 3?CH4 %Hz yleld

= :2 3.64 kw ? 3.38 kw 4,74 kW 100 —
& 7 ;/ 140 3
R % 0 §

(=)
=]
=

675 750
Temperature (°C)

Fig. 4. Influence of temperature on gas composition and gasification energy required

(steam to biomass ratio = 2.0, adsorbent to biomass ratio = 1.0, catalyst to biomass ratio

= (.1, fluidization velocity = 0.21 m/s)
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This can also be justified by lower methane concentration at high temperature (750 °C). Tar
cracking is also an endothermic reaction and may contribute to an increase in hydrogen content
in the product gas [31]. The energy efficiencies associated with hydrogen (1:) increases with
increasing gasification temperature as shown in Figure 5. However, the efficiency associated
with product gas first decreases and then increases to 12 % at 750°C. This might be due to a
strong adsorption reaction which not only adsorbs all CO> gas in the mixture but also
contributes to the add-in energy and reduces the overall gasification energy requirements. The
maximum 71 and 72 values observed in the present study are 4 % and 11.8 % (at 750 °C and
S/B ratio of 2.0) which can be comparable to 5 % and 12% (750 °C and S/B ratio of 0.43) [20].
For the subject study, slightly higher energy efficiencies at low S/B ratio may be due to the
consideration of energy associated with char and tar in the modelling and simulation of gasifier
(type unknown) for biomass steam gasification. Moreover, the part of external energy (provide
by an electric source) in the present experimental study is not considered in the subject study
due to the assumption of isothermal reactor with waste heat stream. This study is considered
for comparison purpose due to unavailability of energy efficiencies (associated with hydrogen

and product gas) reported from experimental gasification system.
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Fig. 5. Effect of temperature on energy efficiency associated with hydrogen (1) and
product gas (72) generation (steam to biomass ratio = 2.0, adsorbent to biomass ratio =

1.0, catalyst to biomass ratio = 0.1, fluidization velocity = 0.21 m/s)

3.2 Effect of steam to biomass ratio

The energy balance was performed over the gasifier by varying the steam to biomass (S/B)
ratio of 1.5 and 2.5, as shown in Figure 6. In the present study, the biomass flow rate was varied
from 1100 to 1800 g/h with a constant flow rate of steam at 2700 g/h. Keeping constant steam

flow rate, the fluidization velocity is constant even though the S/B ratio is changed from 1.5 to

2.5.

As shown in Figure 6 (a), the energy required for gasification process is 1.81 kW while the
energy associated with PKS (based on the 1800 g/h of biomass) contributes about 5.79 kW at
S/B ratio of 1.5. On the other hand, the energy associated with steam generation contributes to
0.72 kW. At the exit of the gasifier, a major part of the energy is released as unreacted steam
and contributes about 8.08 kW of energy. The energy balance at the inlet and outlet streams at

S/B ratio of 2.5 is shown in Figure 6 (b). The results showed that the energy required for
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gasification reactions is increased to 5.14 kW. The greater portion of energy required for
gasification is used to raise the temperature of excess steam to the bed temperature which surely
increases the total energy requirement. However, this excess steam helps to provide better
energy output (0.91 kW) associated with the product gas via gasification/reforming reactions
with the CO; adsorbent. The steam flowrates are kept constant while varying the biomass flow
rates unable to keep the fluidization velocity constant. This provides a decrease of energy

associated with PKS by varying S/B from 1.5 to 2.5.

0.24 kW (2.88 %) 8.08 kW (97.12 %) 0.91 kW (9.68 %) 8.49 kW (90.32 %)
Product gas Unreacted steam Product gas Unreacted steam
(M2, CH, €O, CO;) ‘[ " (Hy, CHy, €O, CO3)

= {
| | \ en——
| | —
Gasifier ‘ | Gasifier
J L 0.72 kW (.65 %) [ ‘ L | o k\(vf:? %)
: i Energy included in steam
181 KW (21.75 %) 579kw(e9.5e%) oy includedin steam 5.14 kW (54.74 %) 3.53 kW (37.59 %)
Energy needed for gasification Energy associated with PKs Energy needed for gasification Energy associated with PKS
(a) (b)

Fig. 6. Energy balance over gasifier at (a) steam to biomass ratio of 1.5 and (b) steam to
biomass ratio of 2.5 (gasification temperature = 675 °C, adsorbent to biomass ratio =

1.0, catalyst to biomass ratio = 0.1, fluidization velocity = 0.21 m/s)

Figure 7 shows the gasification energy required along with the gas composition and hydrogen
yield with respect to the S/B ratio. Overall, high S/B ratio provides better hydrogen
composition and yield at the expense of more gasification energy required. However, the
increase from 2.0 and 2.5 (of S/B) is not significant and better results can be obtained at S/B
ratio of 2.0. This energy overhead for the higher S/B can be justified with the higher output
energy associated with the product gas. These findings are similar to that reported by other

researchers [32, 33].
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Fig. 7. Influence of steam to biomass ratio on gas composition and gasification energy
required (gasification temperature = 675 °C, adsorbent to biomass ratio = 1.0, catalyst to

biomass ratio = 0.1, fluidization velocity = 0.21 m/s)

Apparently, higher energy efficiencies for the product gas are observed at high S/B (2.5) which
shows high gas yield in the process as shown in Figure 8. However, a high steam to biomass
ratio results in high unreacted steam at the gasifier exit, corresponding to a major portion of
the energy leaving the gasifier unutilized. For similar ICA gasification system, Yusup et al.
[13] reported the optimum value of S/B was 2.0 at 675 °C, through the response surface
methodology (RSM). The maximum energy efficiency for hydrogen production is observed at
2.0 whereas efficiency is slightly decreased at 2.5. A large amount of steam available did not
show much increase in hydrogen content (Figure 7) but obviously increased the external energy
usage to its highest value (5.14 kW), decreasing overall energy efficiency. The i and n, values
observed in the present study are 1.6 % and 3.7 % (at 675 °C and S/B ratio of 1.5) which are
lower than the 5 % and 7 % (677 °C and S/B ratio of 0.43) reported by [20]. As discussed

earlier, the study [20] is modelling and simulation of a theoretical gasifier with the number of
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assumptions especially with the exclusion of external heat source which contribute to 21.75 %
of input energy in the present study as shown in Figure 6 (a).

—.—n1 —I—r]z

12

10

Energy efficiency (%)
[sn]

2 /—\.

1 15 2 2.5 3
Steam to biomass (-)

Fig. 8. Effect of steam to biomass ratio on energy efficiency associated with hydrogen
(m) and product gas (172) generation (gasification temperature = 675 °C, adsorbent to

biomass ratio = 1.0, catalyst to biomass ratio = 0.1, fluidization velocity = 0.21 m/s)

3.3 Effect of adsorbent to biomass ratio

The energy balance is conducted for the gasifier system by varying A/B from 0.5 to 1.5 as
shown in Figure 9. The biomass flow rate is constant at 1350 g/h with constant steam flow rate
of 2700 g/h. At an A/B ratio of 0.5, the power needed for gasification process is found to be
3.95 kW. The energy input associated with PKS at the inlet stream contributes about 4.34 kW
which makes the maximum proportion at the input. Additionally, energy consumed by
generating steam is 0.72 kW. At the exit of the gasifier, the major part of the energy is released
as an unreacted steam in the process and contributes about 8.17 kW. The mixture of the product
gas i.e. Hz, CO, CO; and CH4 provide 0.84 kW of energy. The results showed that the energy

required for gasification reactions decreased from 3.31 kW to 3.95 kW while decreasing A/B

18



from 0.5 to 1.5. This indicates that the amount of CO; adsorbent in the bed not only reduces
the CO> to a minimal concentration (Figure 10) but also reduces the overall energy required
for gasification. Meanwhile, the energy input associated with PKS and steam generation is the
same as in the first case (A/B=1). It appears that the energy released from the product gas
decreased from 0.84 to 0.54 kW by increasing the A/B ratio. However, there is a minimal
decrease of overall gasification energy when A/B ratio varies from 1.0 to 1.5 which infers that

the optimum A/B ratio is 1.0.

0.84 kW (9.32%)  8.17 kW (90.68 %) 054 kW (6.45%)  7.83 kW (93.55 %)
Product gas Unreacted steam Product gas Unreacted steam
(Ha, CH,, CO, COZ) = {Hs, CHa, €O, COy)

‘ Gasifier ‘ ‘

Gasifier
LAl L\ 0.72 kW (7.99 %) | J b 0.72 kW (8.61 %)

Energy included in steam Energy included in steam
3.95 kW (43.84 %) 4.34 KW (48.17 %) 3.31 kW (39.54 %) 4.34 kW (51.85 %)
Energy needed for gasification Energy associated with PKS Energy needed for gasification Energy associated with PKS

(a) (b)

Fig. 9. Energy balance over gasifier at (a) adsorbent to biomass ratio of 0.5 and (b)
adsorbent to biomass ratio of 1.5 (gasification temperature = 675 °C, steam to biomass

ratio = 2.0, catalyst to biomass ratio = 0.1, fluidization velocity = 0.21 m/s)

Figure 10 depicts the gasification energy required with respect to the A/B biomass ratio. The
gasification energy required is decreased by varying the A/B ratio from 0.5 to 1.5. This decrease
is due to the high activity of the CO» adsorption reaction in the presence of excess amount of
adsorbent. The CO> adsorption reaction is an exothermic reaction and hence reduces the overall
energy requirement in the process. This conclusion is well supported by the results presented
by the previous study [34]. The subject study found that the energy requirement of the
absorption enhanced reforming (AER) steam gasification is lower than the conventional dual

fluidized bed steam gasification process. It can be concluded that the CO» adsorption reaction
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not only enhanced the H» content but also reduced the external energy requirements of the

catalytic steam gasification.
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Fig. 10. Influence of adsorbent to biomass ratio on gas composition and gasification
energy required (gasification temperature = 675 °C, steam to biomass ratio = 2.0,

catalyst to biomass ratio = 0.1, fluidization velocity = 0.21 m/s)

The energy efficiencies associated with hydrogen and product gas show opposite trends as
shown in Figure 11. The total energy needed for gasification is continuously decreasing as A/B
varies from 0.50-1.5 whereas 7 first increases at 1.0 and then shows no change while 7>
decreases and becomes constant afterwards. These two opposite trends are mainly due to a vital
change in gas composition as explained earlier when A/B varies from 0.5-1.0. The current

scenario suggests two different A/B ratios for 11 and 12 which can be 0.5 and 1.0, respectively.
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Fig . 11. Effect of adsorbent to biomass ratio on energy efficiency associated with
hydrogen (71) and product gas (172) generation (gasification temperature = 675 °C, steam

to biomass ratio = 2.0, catalyst to biomass ratio = 0.1, fluidization velocity = 0.21 m/s)

3.4 Effect of fluidization velocity

The energy balance was carried out over the gasifier by varying the fluidization velocity
from 0.15 m/s to 0.26 m/s (3 and 5 times the minimum fluidization velocity, respectively) as
shown in Figure 12. The biomass flow rate was varied from 1000 g/h to 1700 g/h while varying
the steam from 2000 g/h to 3400 g/h. These variable flow rates are provided to keep the steam

to biomass ratio constant while varying the fluidization velocity.

As shown in Figure 12 (a), the energy needed for the gasification process is found to be
2.82 kW while energy associated with PKS is about 3.22 kW and utilized by generating steam
is 0.53 kW. At the outlet stream, the major part of the energy is released as unreacted steam in
the process and contributes to 6.23 kW of energy. The product gas carries 0.37 kW at the exit
of the gasifier. Figure 12 (b) illustrates the energy balance at high fluidization velocity of 0.26

m/s. The energy associated with steam generation increased from 0.53 kW to 0.91 kW by
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changing the fluidization velocity from 0.15 m/s to 0.26 m/s. This is due to the high amount of
steam injected into the system which also increases the required gasification power from 2.82
to 5.02 kW. Furthermore, energy entered with PKS is increased to 5.47 kW which is due to the
higher biomass flow rates (1700 g/h). At the exit of the gasifier, the energy of the unreacted
steam reached its highest value of 10.61 kW. Meanwhile, the product gas contained 0.79 kW

which is higher than with lower fluidization velocity.

0.37 kW (5.63 %) 6.20 kw (94.37 %) 0.79 kW (6.93 %)  10.61 kW (93.07 %)
Product gas Unreacted steam Product gas Unreacted steam
(Hz, CH,, €O, CO5) 4 o (Hz, CH4, CO, CO;)

f

|
£« { ] P — 44‘] : H

‘ ‘ E Gasifier

’/‘J L % Energy included in steam

2.82 kW (42.92 %) 3.22 kW (49.01 %) 5.02 kW (44.04 %) 5.47 kW (47.98 %)
Energy needed for gasification Energy associated with PKS Energy needed for gasification Energy associated with PKS

‘ Gasifier
0.53 kW (8.07 %) ‘ | J 0.91 kW (7.98 %)
. L Energy included in steam

(a) (b)

Fig. 12. Energy balance over gasifier at (a) fluidization velocity of 0.15 m/s and (b)
fluidization velocity of 0.26 m/s (gasification temperature = 675 °C, steam to biomass

ratio = 2.0, adsorbent to biomass ratio = 1.0, catalyst to biomass ratio = 0.1)

Figure 13 shows the effect of the fluidization velocity on gasification energy requirements.
The results indicate that the gasification energy required is increased from 2.82 kW to 5.02 kW
by varying the velocity from 0.15 to 0.26 m/s. This increase is due to higher steam flow rates
injected into the gasifier. Furthermore, higher fluidization velocities increase the product gas
flow rates which can be justified from the energy associated with product gas at the exit.
However, high steam flow rates cause more unreacted steam to exit the gasifier, which needs

to be justified when the economics of the process are considered.
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Fig. 13. Influence of fluidization velocity on gas composition and gasification energy
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required (gasification temperature = 675 °C, steam to biomass ratio

0.1)

biomass ratio = 1.0, catalyst to biomass ratio

Figure 14 shows 11 and 12 with respect to different fluidization velocities. The trends clearly

show the medium velocity (0.21 m/s which is four times of the minimum fluidization) provide

better efficiencies.
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Fig . 14. Effect of fluidization velocity on energy efficiency associated with hydrogen (1)
and product gas (12) generation (gasification temperature = 675 °C, steam to biomass

ratio = 2.0, adsorbent to biomass ratio = 1.0, catalyst to biomass ratio = 0.1)

3.5 Effect of particle size

The energy balance was carried out over the gasifier by varying the biomass particle size
from 0.355-0.500 mm to 1.0-2.0 mm at a temperature of 675 °C, S/B ratio of 2.0, adsorbent to
biomass ratio of 1.0 and catalyst to biomass ratio of 0.1 as shown in Figure 15. The biomass

flow rate was constant at 1350 g/h with a steam flow rate of 2700 g/h.

Figure 15 (a) shows the input and output energy stream over the gasifier for biomass
particle size of 0.355-0.500 mm. The power required for the gasification process was found to
be 3.38 kW. At the outlet stream, the major part of the energy is released as an unreacted steam
in the process and contributes 7.93 kW. The product gas contributes 0.77 kW. Figure 15 (b)
shows the energy balance over the gasifier by considering the larger biomass particle size (1.0-
2.0 mm). The results showed that no significant variation was observed in the required
gasification energy. Furthermore, the input energy with steam and PKS were the same as with
the smaller particle size. This is due to the similar flow rates (1350 g/h) for the two cases. The

energy associated with unreacted steam is almost similar in both cases i.e. ~ 8 kW. However,
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the energy contained within the product gas was slightly higher in the case of small particle.
This effect may be due to the high heat transfer rates in smaller particles compared to the larger
one. Due to this, high product gas flow rates are expected with smaller particles which increases

the energy output at the exit of the gasifier.

0.76 kW (8.75%)  7.93 kW (91.25 %) 0.45kW (5.33%)  7.99 KW (94,67 %)
Product gas unreacted steam Product gas Unreacted steam
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3.63 kW (41.77 %) 434Kkw(s1.429)  Energy included in steam 3.38 kW (40.05 %) 434 kW (51.42 %)
Energy needed for gasification Energy associated with PKS Energy neeaed tor gasification Energy associated with PKS

(@ (b)

Fig. 15. Energy balance over gasifier at (a) biomass particle size of 0.355-0.500 mm and
(b) biomass particle size of 1.0-2.0 mm (gasification temperature = 675 °C, steam to
biomass ratio = 2.0, adsorbent to biomass ratio = 1.0, catalyst to biomass ratio = 0.1,

fluidization velocity = 0.21 m/s)

Figure 16 shows the effect of biomass particle size on the required gasification energy. The
results show no significant variations in terms of energy required for gasification. However,
the product gas generated in small particle size is higher than larger particles. The larger particle
size may exhibit high temperature gradient between the core and its surface which result in low
gas yield and high char yield. This is further verified by other researchers [35] that observed
more gas yield in small biomass particle size (0.3 mm) as compared to the large particle size
(1.0 mm) at a temperature range of 600-750°C in fluidized bed gasifier. However, they further
found no significant effect of biomass particle size at high temperature (800°C) due to high
heating rates which reduced overall heat transfer resistance in large particles. Secondly, small

particles (<1.0 mm [36]) may exhibits reaction kinetics as the controlling step for biomass
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decomposition whereas the decomposition step in large particles may control by the reaction
kinetics and heat transfer thus produces lower conversion rate. It can be concluded that high
gas yield is observed in small biomass particle (0.355-0.500) as compared to bigger particles
size (1.0-2.0 mm) whereas no significant effect on the energy required for biomass particle size
in ICA biomass steam gasification is observed. However, it should be noted that there is a
higher energy required to produce the smaller particulate size which may impact the overall

process economics.
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Fig.16. Influence of biomass particle size on gas composition and gasification energy
required (gasification temperature = 675 °C, steam to biomass ratio = 2.0, adsorbent to

biomass ratio = 1.0, catalyst to biomass ratio = 0.1, fluidization velocity = 0.21 m/s)

Figure 17, shows no variations for n; while varying the particle size whereas 12 show higher
values for smaller particles. This might be due to a better contribution of CO and CO; (at small
particle size) accompanied by the lower gasification energy required at the same inlet energies

associated with biomass and steam.
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Fig. 17. Effect of particle size on energy efficiency associated with hydrogen (171) and
product gas (172) generation (gasification temperature = 675 °C, steam to biomass ratio =
2.0, adsorbent to biomass ratio = 1.0, catalyst to biomass ratio = 0.1, fluidization velocity

=0.21 m/s)

4. Conclusions

Steam is found to be the most promising gasification agent for hydrogen production as
compared to air or pure oxygen. However, steam brings a high energy penalty to the process
in terms of required energy for gasification. The present study showed that the energy
requirements in integrated catalytic adsorption gasification system for hydrogen production
were overall increased with increasing temperature, steam to biomass ratio and fluidization
velocity whilst decreased with the adsorbent to biomass ratio and with no significant change
observed with biomass particle size between 0.355-2.000 mm. However, a slight drop was
observed from 600 °C to 675 °C. This might be due to high CO» adsorption at 675 °C which
helped to reduce the energy requirements. The optimum operating conditions for hydrogen

production in terms of energy requirements were found to be 675 °C, 2.0 steam to biomass
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ratio, 1.0 adsorbent to biomass ratio and medium fluidization velocity of 0.21 m/s. Similar
optimum conditions were also found to be valid for hydrogen based energy efficiencies
whereas the optimum conditions for product gas energy efficiencies were high temperature,
steam to biomass ratio (2.5) and smaller biomass particle size (0.355-0.500 mm). The unreacted
steam carried away the major portion of the energy from the system, capturing, recycling and
integrating this potential heat loss improves the viability, energy efficiency and economic case
for hydrogen production via gasification.
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