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ARTICLE INFO ABSTRACT

Keywords: Biomass chemical looping gasification (BCLG) is emerging as a promising alternative to conventional gasifica-
Chemical looping tion, addressing inherent limitations. This study systematically compares BCLG with conventional methods like
Gasification air and air/steam gasification, using pine forest residue in an allothermal fluidized bed reactor. Key operational
ii’;ﬁ?;e d bed parameters such as reactor temperature (800-900 °C), equivalence ratio (0.18-0.36) and steam-to-biomass ratio
Biomass (1.3) were examined. Performance indicators such as gas composition, yields, carbon conversion, and cold gas

efficiency were evaluated and compared. BCLG without steam displayed similar performance to conventional
methods. However, the performance of BCLG with steam surpassed conventional gasification methods and
emerged as the most promising process. The results suggest enhanced catalytic performance of nickel smelter
slag for reforming reactions under steam-rich conditions, with Hy/CO ratio, product gas yield, cold gas and
carbon conversion efficiency improved by approximately 111%, 30%, 14% and 2%, respectively, compared to

air/steam gasification.

1. Introduction

The urgent need to address climate change and global warming,
exacerbated by excessive human energy consumption, has catalyzed
scientific investigations towards developing sustainable alternatives to
fossil fuels. Concurrently, a primary objective outlined in the Paris
Agreement involved the production of advanced biofuels derived from
renewable sources, serving as substitutes for fossil fuels and facilitating
the reduction of green house gas emissions [1]. Among the array of
potential alternatives, syngas production via biomass gasification
emerges as a promising solution, with its demand witnessing an upward
trend [2]. Additionally, syngas holds considerable promise for various
applications, including power generation and heating, while also of-
fering the potential for conversion into high-value products such as
Fischer-Tropsch liquids, synthetic natural gas, hydrogen, and other
various chemicals [3,4].

Biomass can be converted into syngas through conventional gasifi-
cation methods involving the use of air, pure oxygen and/or steam as
gasification media. However, these methods suffer from significant
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drawbacks such as (i) generation of Na-diluted low-quality product gas
when using air as the gasification medium [5], (ii) increased costs due to
the requirement of energy-intensive and expensive air separation units
(ASUs) to provide pure oxygen for yielding high-quality product gas [6]
and (iii) limited efficiency and high heat requirements when using steam
as the gasification medium [6-8]. Circumventing these challenges,
Biomass Chemical Looping Gasification (BCLG) emerges as a promising
solution, offering economic viability, high efficiency and low emissions
[5]. By employing an oxygen carrier (OC) instead of air, BCLG generates
No-free high-quality syngas [9,10], which reduces the need for expen-
sive ASUs [11-13]. Moreover, BCLG benefits from the catalytic prop-
erties of reduction products from OCs, which promote tar cracking and
lower tar content in the product gas [14,15]. Additionally, certain OCs
facilitate the conversion of NH3 and NOy precursors into harmless Ny,
which reduces emissions [15,16]. BCLG also possesses inherent CO»
separation and capture capabilities, which makes it a low-emission
technology for syngas production [5].

In general, chemical looping involves splitting a chemical reaction
into multiple successive reactions which occur in separate reactors with
the exchange of a recyclable intermediate material. In the context of
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Nomenclature

ar. As Received

ASU Air Separation Unit

BCLG Biomass Chemical Looping Gasification

BCLGO Biomass Chemical Looping Gasification without steam
BCLGS Biomass Chemical Looping Gasification with steam
CBGA  Conventional Biomass Gasification using air

CBGAS Conventional Biomass Gasification using air and steam
CCE Carbon Conversion Efficiency

CGE Cold Gas Efficiency

d.b. Dry Basis

ER Equivalence ratio

LHV Lower Heating Value

NS1100 Nickel Smelter Slag calcinated at 1100 °C

0oC Oxygen Carrier

OCBR  Oxygen Carrier to Biomass Ratio

PFR Pine Forest Residue

PGY Product Gas Yield

SBR Steam to Biomass Ratio

SGY Syngas Yield

BCLG, this concept is applied to indirectly supply oxygen from the at-
mosphere to the biomass feedstock, which contrasts conventional gasi-
fication method (see Fig. 1). As an example, the conventional biomass
gasification reaction (E1) is typically carried out in a single reactor.
However, in BCLG, this reaction is divided into two sub-reactions (E2
and E3) occurring in distinct fuel and air reactors. The OC material, such
as OC1, undergoes reduction to OC2 by reacting with the biomass vol-
atiles in the fuel reactor (E1) and is subsequently reoxidized by com-
busting with air in the air reactor (E2). The reoxidized carrier (OC1)
circulates back to the fuel reactor, carrying oxygen and heat, thereby
forming a closed loop between the interconnected reactors.

BCLG has emerged as a promising technology for syngas production,
with researchers exploring a wide range of feedstocks and OC types
across various reactor methods [10,17-28]. More recently, BCLG has
made considerable progress toward scale-up with pilot-scale demon-
stration. In early 2026, BCLG tests were successfully conducted at a 5
MWy, scale, where the reactor demonstrated stable autothermal opera-
tion for over 40 h using ilmenite as the oxygen carrier [29]. Com-
plementing this milestone, several pilot test campaigns at approximately
1 MWy, scale have also been carried out, showcasing BCLG with more
than 400 h of cumulative autothermal operation using biogenic residues
[30].

Investigations have encompassed diverse feedstocks including

Productgas N,

1 !

Product gas + N,

!

Biomass + Air
(E1) (E2)

P !

Biomass Air

(a) Conventional
biomass gasification
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woody biomass, terrestrial waste, residential waste and agricultural
waste, while employing OC materials ranging from natural ores to
synthetic substances and waste materials. These investigations were
implemented across multiple reactor systems such as fixed bed, bubbling
fluidized bed and dual fluidized bed configurations (refer to Table 1).
Notably, further details about the mentioned studies can be found at
Goel et al. [5]. Throughout these investigations, the advantages of BCLG
such as enhanced catalytic activity, heightened char gasification,
improved gasification efficiency and generation of higher quality
product gas over conventional gasification methods have been exten-
sively discussed. However, a comparative experimental study which
directly benchmarks BCLG against conventional gasification methods is
notably absent in the literature. The primary objective of the present
study is to conduct a comprehensive comparative examination of BCLG
performance in contrast to conventional gasification methods, aiming to
conclusively validate its advantages. Notably, the results used in
benchmarking were experimentally obtained using the same fluidized
bed reactor and under comparable gasification conditions.

Product gas

Product gas + 0OC2

!

Biomass + OC1

Biomass

Table 1
Overview of selected BCLG studies.
Reactor type Process Feedstock oC Ref.
conditions material(s)
Interconnected Temperature: Pinewood, Iron- [2,18,21,30]
dual FB 650-1000 °C Pine sawdust, olivine,
reactors OC/feed: Rice husk, Rice ~ Fe;03/
~ 4-20 straw Al,03,
OC/bed Fe03.
material: NiO/
~0.2-0.6 Al,Os,
NiO/
Al;03,
Ca0.NiO/
ALO;
Coupled BFB Temperature: Biomass CaO, NiO, [2,7,31-43]
and CFB 30-1200 °C sawdust, Fe;03,
reactor, Fixed OC/feed: Polyethylene, Fe,0s.
bed, Fluidized ~ 0.2-11.5 Pine char, Pine support
bed, TGA, sawdust and (Al,03,
Furnace wood, Sewage SiOs, TiOs,
Sludge, Wheat Zr0»),
straw, Rice Hematite,
straw, Rice NiO.Fe,03,
husk, Red mud,
Microalgal Fe;03/
residue, Water CuO,
hyacinth, Fe;03/
Kitchen waste, CaO,
Swine manure Sludge ash,
Copper
slag,
Copper ore
0ocC2
OC1+N,
ocC
redox T
cycle Air + 0C2
(E3)
oc1

Air

(b) Biomass chemical
looping gasification

Fig. 1. Schematic illustration comparing the reactions in conventional biomass gasification and biomass chemical looping gasification technologies.
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Building upon the findings of our previous study on evaluating the
performance of BCLG using industrial waste as OC [43], which explored
the utilization of nickel smelter slag as an OC and investigated the in-
fluence of critical operating parameters (e.g., reactor temperatures,
oxygen carrier-to-biomass ratio (OCBR) and addition of steam as a
gasification medium). In a previous study, BCLG experiments using pine
forest residue (PFR) were conducted in a fluidized bed reactor, with
nickel smelter slag calcined at 1100 °C serving as the OC to evaluate and
optimize the process. The optimal gasification conditions were identi-
fied as a reactor temperature of 850 °C, an OC-to-biomass ratio of 10:1,
and a steam-to-biomass ratio of 1.4. Under these conditions, high-
quality product gas was obtained, with concentrations of 38.9 vol%
Hj, 19.7 vol% CO, 34.5 vol% CO,, and 6.6 vol% CHg.

This study extends the analysis to include conventional gasification
methods utilizing air and air/steam as the gasification medium. The
investigations were conducted in a fluidized bed reactor using PFR as
feedstock. In this study, the impact of similar critical operating param-
eters on conventional gasification methods is examined. Gasification
performance is evaluated in terms of product gas compositions, product
and syngas yields, carbon conversion and cold gasification efficiencies.
More importantly, a comprehensive assessment is conducted, comparing
gas compositions, gas yields and system efficiencies across all gasifica-
tion methods, including both BCLG (from previous study) and conven-
tional techniques, and determine the most suitable method.

It is important to note that the selection of nickel smelter slag was
based on a detailed investigation and comparison of the physical and
chemical properties of several low-cost materials, including copper slag,
steel converter slag, ladle slag, desulphurization slag, manganese ore
and sewage sludge ash [44]. The materials were evaluated based on
their characterization, reactivity, selectivity, mechanical strength and
sintering behavior. Nickel smelter slag is generated as a by-product
during the nickel smelting process, either through water quenching or
natural cooling of molten material during nickel extraction. Approxi-
mately 6-16 tons of slag are produced per ton of nickel, resulting in a
global annual production of roughly 16-40 million tons [45]. Despite
this large output, its utilization rate remains low, at around 10 wt%
[44]. The nickel smelter slag used in this study was calcined at 1100 °C.

2. Materials and methods
2.1. Materials and characterization

In this investigation, PFR was utilized as the biomass feedstock. PFR
pellets (received from Techincal University of Darmstadt, Germany) was
ground and seived upto a particle size of 2000 pm (particle size distri-
bution shown in Fig. Al in the supplementary document). The charac-
teristics of PFR are outlined in Table 2. The PFR is composed of bark and
pine needles and was sourced from Sweden. Concurrently, silica sand
was chosen as the inert bed material for fluidization during the gasifi-
cation process. The silica sand particles exhibited a particle diameter of

Table 2
Characteristics of pine forest residue.

Particular Unit Value

Proximate and ultimate analysis

Moisture content (Wt%, a.r.) 4.4
Fixed carbon (Wt%, a.r.) 16.6
Volatiles (wt%, a.r.) 76.8
Ash (wt%, a.r.) 2.2
C (wt%, d.b.) 52.3
H (wt%, d.b.) 6.2
(0] (wWt%, d.b.) 40.9
S (wWt%, d.b.) 0.03
N (wt%, d.b.) 0.5
Cl (wWt%, d.b.) 0.01
Lower Heating Value, LHV (MJ/kg, d.b.) 19.1
Minimum fluidization velocity, Ums (m/s) 0.05
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<355 pm and a bulk density of 2602.8 + 16.7 kg/m®. Additionally,
minimum fluidization velocity was determined to be 0.04 m/s.

2.2. Experimental setup and procedure

The experimental investigation was conducted in a ~0.5 kWy, flu-
idized bed reactor setup located at the Technical University of Darm-
stadt in Germany. The schematic diagram depicting the reactor setup is
presented in Fig. 2. The primary reactor body comprises a cylindrical
column with an internal diameter of 54.5 mm and a height of 1000 mm.
To ensure precise control and monitoring, temperature and pressure
sensors were strategically positioned along the length of the reactor.
Additionally, external heating elements were employed to heat the
reactor. A gas distribution unit regulated the flow and mixing of inlet
gases (e.g., Ny and air for the case of conventional gasification, and Ny
for the case of chemical looping gasification). The inlet gases, along with
steam, were mixed in the pre-heating zone before entering the gasifi-
cation zone through a porous gas distribution plate for fluidizing the
bed. Biomass feedstock was continuously fed into the gasification zone
at a specified height above the gas distribution plate using a dual screw-
feeding system. The resulting gases were directed through an externally
heated post-heating zone before entering a gas filtering and washing
unit to remove impurities and tars. Finally, the gases were directed to
the exhaust line, with a portion diverted for real-time volumetric gas
composition analysis using ABB URAS 206 and ABB Caldos 27 analyzers.
The concentrations of CO, CO2, and CH4 were continuously measured
using a non-dispersive infrared sensor integrated into the ABB URAS 26
unit. Additionally, Hy concentration was determined using a ABB Caldos
27 thermal conductivity analyzer. Notably, a comprehensive description
of the fluidized bed reactor setup, including a detailed schematic dia-
gram, is available in our previous study [43].

An experimental procedure similar to that described in our previous
study was followed [43]. In the previous work, oxygen was supplied
using an OC material; nickel smelter slag calcined at 1100 °C (NS1100).
In the present study, however, air was used as the oxygen source. When
oxygen was supplied using the OC, the PFR and NS1100 were blended in
a predetermined ratio prior to the experiment, and the resulting mixture

|

Exhaust
Gas filtering and
washing unit

Post-heating
zone

Gas analysis
unit

|

Feedstock
(Biomass, ———>
Oxygen carrier)

Gasification zone

Gas distribution

unit —
remame [ |

Steam

Fig. 2. Schematic diagram of the 5kWy, fluidized bed reactor setup at the
Technical University of Darmstadt.
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was loaded into the feed hopper. This ratio corresponded to a specific
equivalence ratio (ER), calculated based on the oxygen transport ca-
pacity of NS1100 (~3.3%). The oxygen transport capacity of NS1100
was experimentally determined using the Hy temperature program
reduction method at temperatures between 800 °C and 900 °C. For ex-
periments utilizing air, the required amount of air was mixed with an Ny
stream (purity of 99.9%) and introduced into the reactor through a
porous gas distribution plate, as dictated by the experimental design.

In the study, the gasification of PFR was examined, which focused on
three crucial operational parameters: reactor temperature, steam-to-
biomass ratio (SBR) and equivalence ratio. During the experiment, ER
was systematically varied between 0.18 and 0.36 under three different
reactor temperatures (800, 850 and 900 °C). Furthermore, the effect of
steam addition was investigated for an SBR of 1.3. Throughout the ex-
periments, the biomass feedrate remained constant with a value of 1.1
g/min. A summary of the operational parameters is presented in Table 3.
Notably, uf and up denote the superficial velocity (m/s) and the mini-
mum fluidization velocity (m/s), respectively. The average composition
values were considered after the reactor reached steady-state conditions
and the gas compositions stabilized. The average values were calculated
over a period of 600 s, with measurements recorded every 5 s.

2.3. Data evaluation

Various performance indicators were utilized to compare and eval-
uate the performance of different gasification methods. These indicators
include product gas composition, Hy/CO ratio, product gas and syngas
yields, carbon conversion and cold gas efficiencies. The calculation
method for the mentioned indicators are discussed below. Note that the
carbon mass balance calculations could not be performed for the ex-
periments, as the bed material (consisting of a unquantifiable mix of
hydrocarbons, reduced OC, and silica sand) got accumulated during the
entire experimental run and could only be collected at the end of each
run.

The composition of product gas (CO, Hy, CO, and CH4) was deter-
mined by deducting the volume fraction of Ny from the overall gas
composition. It was assumed that the introduced Ny is inert and remains
unconsumed throughout the process. The dry and No-free product gas
composition (Ci, vol%) was calculated using the following equation:

Gi
C: S — 1
w100 — Yo gGi W
where, the dry volume fraction of component i (vol%) is denoted by C;.
Furthermore, the Hy/CO ratio was calculated using the outlet gas
composition for Hy and CO according to the following equation:
Hy, Cy,

=2 _ 2
CO Ceo 2)

The volumetric flowrate of product gases (Vi out, Nm®/h) was calculated
by balancing Ny concentrations between inlet and outlet gases (No,
considered as an inert tracer gas), using the following equation:
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where, inlet volume flowrate of N, (Nm®/h) is denoted by Vngz,in and dry
volume fraction of of Ny (vol%) recorded by gas analysis unit is repre-
sented by Cnz. Moreover, the yields of product gas (Ypg, Nm®/kg-bio)
and syngas (Ysg, Nm?®/kg-bio) were determined using the following
equations:

Y _ VHZ. out + VCO.out + VCOg. out + VCH4, out
pg m

C)

Ysg _ VHZ, ou;n+ VCO,out (5)
b

where, volumetric flowrate of individual gas components is denoted by
Vi out (Nm®3/h), respectively. Furthermore, carbon conversion efficiency
(CCE, %) is defined as the proportion of carbon converted (CO, CO3 and
CHy) from the carbon in biomass fed into the reactor and it was calcu-
lated through the following equation:

(NCO.out + NCOZ. out + NCH4, out ) x 12 x

CCE =
my X Co,

100 (6)

where, the molar flowrate of individual gas component i is denoted by N;
(kmol/h) denotes, the biomass feedrate to the reactor is represented by
my, (kg/h) and the carbon content present in biomass is represented by
(Cy,, Wt%). Additionally, cold gas efficiency (CGE, %) is defined the ratio
of chemical energy within the product gas to the total energy of the
biomass and it was computed as follows:

LHVp X Ypq

CCE ="V

x 100 @

where, denotes lower heating value (LHV, MJ/Nm?®) and yield of prod-
uct gas is denoted by LHVp, and Y, respectively. LHV (MJ/kg) of
biomass is represented by LHV},.

3. Results and discussion
3.1. Pressure and temperature distribution

The gasification of PFR using air and/or steam was investigated
utilizing the fluidized bed reactor setup. The reactor pressures (P1, P2
and P3) and temperatures (T1, T2 and T3) at different reactor heights
(130 mm, 350 mm and 550 mm) were continuously monitored
throughout the reaction period (see Fig. A2 in supplementary docu-
ment). Generally, the average recorded temperature during the experi-
mental run was 805.3 £ 10 °C, 855.4 £ 15.6 °C, and 896.9 + 10.4 °C
when the reactor temperature was set to 800 °C, 850 °C and 900 °C.
Generally, pressures P1, P2 and P3 exhibited fluctuations within the
ranges of 95.9-128.9 mbar, 64.4-114.9 mbar, and 20.1-44.5 mbar,
respectively. The consistency in reactor temperature and pressure fluc-
tuations collectively indicates that the reactor operated stably
throughout the experimentation period, ensuring reliable data
acquisition.

Vn, |
Vi. o = G X % 3)
No
Table 3
Experimental matrix for conventional biomass gasification.
Parameter Unit Value
Reactor temperature (@) 800 850 850 850 850 900 800 850 900
Biomass feedrate (g/min) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
N flowrate (Nm®/h) 0.22 0.22 0.25 0.21 0.19 0.22 0.19 0.19 0.19
Equivalence ratio -) 0.27 0.27 0.18 0.3 0.36 0.27 0.27 0.27 0.27
SBR =) - - - - - - 1.4 1.4 1.4
Ug/Uppg =) 3.6 3.8 3.8 3.8 3.8 4.0 4.6 4.8 5.0
Silica sand (® 2000 2000 2000 2000 2000 2000 2000 2000 2000
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3.2. Effect of operational parameters on the performance of biomass
gasification

3.2.1. Reactor temperature

Reactor temperature acts as a critical parameter in biomass gasifi-
cation. It significantly influences the reaction kinetics and subsequently
affects key performance indicators such as gas composition, gas yield,
carbon conversion and cold gasification efficiencies. In the experimental
study, the influence of reactor temperature was examined across three
different temperatures (i.e., 800, 850 and 900 °C). The investigation was
conducted under a constant ER of 0.27 and biomass feedrate of 1.1 g/
min.

Fig. 3 illustrates the volumetric composition of dry and Ns-free
product gas across varying reactor temperatures. As the temperature
increased, an evident change in the product gas composition was
observed: Hy concentration significantly increased from 17.9 to 25.8 vol
%, CO concentration moderately increased from 37.2 to 39.9 vol%, CO,
concentration notably decreased from 37.4 to 27.9 vol% and CH4 con-
centration slightly decreased from 7.5 to 6.5 vol%. The trends were
similar to the findings reported by Liu et al. [46]. The observed varia-
tions can be attributed to a complex and competing interplay of endo-
thermic and exothermic reactions, as represented by equations R(1)-R
(8). These equations are governed by Le Chatelier’s principle, wherein
high temperatures drive the equilibrium towards the product and the
reactant side in endothermic and exothermic reactions, respectively.

The endothermic reactions, such as the pyrolysis reaction (R1), the
Boudouard reaction (R2), the water-gas reaction (R3) and steam-
methane reforming reactions (R5), partly contribute to the increase in
H; and CO concentrations at higher temperatures. Additionally, the rise
in CO concentration can be attributed to the exothermic water—gas shift
reaction (R4). Conversely, the decrease in CO2 concentration can be
explained by the endothermic Boudouard reaction (R2) and the
exothermic water—gas shift reaction (R4), which counterbalance the CO,
production effect of the pyrolysis reaction (R1). The slight decrease in
CH4 concentration can be attributed to the steam-methane reforming
reaction (R5), which counteracts the effect of CH4 production during
pyrolysis (R1). Moreover, the significant increase in Hy production with
increased temperature supports the occurrence of the steam-methane
reforming reaction (R5).

Biomass—Gas (CO, H,, CO,, CHy, CXHy) + Char + Ash + Tar + H,O

(R1)
C+CO, < 2CO(AH = + 172MJ/kmol) (R2)
C+HyO< CO+H, (AH = + 131 MJ/kmol) (R3)
CO +H,0 < CO, + Hy (AH = — 41 MJ/kmol) (R4)

zz.col”_JH,E= co,[JcH,|

= = N N W W S
o &)} o (&) o O, o
T T T T T T T

Product gas composition (vol%)

(=R}

Reactor temperature (°C)

Fig. 3. Effect of reactor temperature on product gas composition at equivalence
ratio of 0.27.
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CH,4 + H,0 < CO + 3H, (AH = + 206 MJ/kmol) (R5)
C+0.50,—CO (AH = + 172MJ/kmol) (R6)
CO+0.50,—CO,(AH = — 284 MJ/kmol) (R7)
H, +0.50,— H,O(AH = — 242MJ/kmol) (R8)

Fig. 4 displays the variations in product gas yield, syngas yield, CCE
and CGE for the studied reactor temperature range. It is evident that the
values of all the mentioned gasification performance parameters
increased with the increase in reactor temperature. This phenomenon
can be ascribed to the intensified endothermic pyrolysis (R1), Bou-
douard (R2) and water-gas reaction (R3) at elevated temperatures.
These reactions promote the conversion of carbon into product gas,
which consequently leads to increased product gas yield and CCE [46].
Furthermore, the elevated concentrations of combustible gases with
increased temperature, as discussed above, contributed to the increase
in syngas yield and CGE. Additionally, high temperatures may have
promoted additional biomass tar cracking [18,46], which aided in the
improved gasification performance. Overall, a reactor temperature of
900 °C emerged as optimal, characterized by the highest values of key
gasification performance indicators.

3.2.2. Equivalence ratio

The ER refers to the fraction of actual oxygen to biomass compared to
the stoichiometric oxygen required for complete oxidation and serves as
a crucial parameter in assessing gasification performance. Its effect was
examined by varying ER within the range of 0.18 to 0.36 at a constant
reactor temperature of 850 °C and biomass feedrate of 1.1 g/min.

Fig. 5 shows the variation in product gas composition across varying
ER values. Across the range of ER studied, the concentrations of CO and
H; exhibited an overall decrease. However, at an ER of 0.3, both CO and
H, concentrations slightly increased before decreasing again.
Conversely, the concentration of CO, increased overall across the
studied range, with a slight decrease observed at an ER of 0.3, followed
by an increase. Regarding CHy, its concentration consistently decreased
with increasing ER values. Similar trends were reported in previous
research studies by Niu et al. [47] and Han et al. [48]. This trend can be
explained by the complex interplay of two opposite effects represented
by reactions (R(7), R8 and R1-R3, R5). On one hand, higher ER values
enhanced the availability of oxygen for reactions with volatiles, which
led to intensified oxidation reactions (R(7), R8) and the consumption of

= CCE —e— CGE
—*— Product gas yield —— Syngas yield

75 gasy yngas y 10

70 b .

{09

65 -

60 | -0.8_’%‘
S {07 2
2% 5
3451 1%z
5 40 | los >

o)

351 ~— 8

30} — 104

251 10.3

20 1 1 1

800 850 900

Reactor temperature (°C)

Fig. 4. Effect of reactor temperature on product gas and syngas yields, carbon
conversion and cold gasification efficiency at equivalence ratio of 0.27.
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7z col”_H,E=co,[_IcH,]

= =2 NN W W b
o o o o o u o

Product gas composition (vol%)

o o

0.18 0.27
Equivalence ratio

0.36

Fig. 5. Effect of equivalence ratio on product gas composition at reactor tem-
perature of 850 °C.

combustible gases. On the other hand, the strengthened oxidation re-
actions released more energy, which was utilized to support pyrolysis
(R1), Boudouard (R2), water—gas (R3) and steam-methane reforming
(R5) reactions. Consequently, this resulted in the generation of more CO
and H; and the consumption of CHy.

Additionally, the variation of product gas yield, syngas yield, CCE
and CGE for different ER values is depicted in Fig. 6. It was observed that
product gas yield and CCE increased with higher ER values due to
enhanced carbon conversion (see reactions R1-R3 and R5). Further-
more, syngas yield and CGE increased to maximum values at 0.3, fol-
lowed by a decrease. This behavior is collectively attributed to the
variation in the concentration of combustible gases (i.e., CO, Hy and
CHy), as discussed previously. In summary, it can be concluded that an
ER of 0.3 represents an optimal value, as it facilitated a balanced product
gas composition with saturated value of CCE and the highest syngas
yield, product gas yield and CGE values.

3.2.3. Steam addition as a gasification medium

In the study, the impact of steam addition on biomass gasification
performance was systematically examined. Steam, which serves as an
additional oxygen source, holds potential for enhancing the gasification
process [49]. To investigate this, a constant steam flow rate of 1.5 g/min
and a PFR feed rate of 1.1 g/min were maintained while examining the
influence of steam addition at reactor temperatures of 800, 850 and
900 °C.

The impact of steam addition on the product gas composition across
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Fig. 6. Effect of equivalence ratio on product gas and syngas yields, carbon
conversion and cold gasification efficiency at reactor temperature of 850 °C.
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the three reactor temperatures is depicted in Fig. 7. Irrespective of the
reactor temperature, a substantial increase in Hy concentration was
observed, while CO, and CH4 concentrations displayed moderate in-
crements and CO concentration decreased significantly upon steam
addition. Similar trends in product gas composition were reported by
Hernandez et al. [50] and Nguyen et al. [51]. These variations can be
ascribed to a sequence of gasification reactions influenced by increased
steam concentration in the reactor. Steam addition accelerated the
water-gas (R3) and steam-methane reforming (R5) reactions, which led
to increased production of Hy and CO. However, the generated CO was
consumed by the accelerated water-gas shift reaction (R4), which
resulted in increased CO; production and a decreased CO fraction.
Moreover, the increase in CH4 concentration with steam addition may
be attributed to the higher Hy levels, which could have promoted the
methanation reaction (R9) and the hydrogasification reaction (R10),
resulting in additional CH4 formation [50]. Upon analyzing the trend of
product composition for varying reactor temperatures, it was observed
that the concentration of Hy significantly increased, whereas that of CO»
decreased, and the concentrations of CH4 and CO remained relatively
unchanged. This observation could be attributed to the intensification of
endothermic reactions (R(2), R3 and R5) with an increase in tempera-
ture, which resulted in elevated H, and CO concentrations and a reduced
CO5 concentration. However, the introduction of steam facilitated the
water—gas shift reaction (R4), which lead to the consumption of the
produced CO.

2CO -+ 2H, < CH,; + CO, (AH = — 247 MJ/kmol) (R9)

C+2H, < CH, (AH = — 74.8MJ/kmol) 10)

The effect of steam addition was further examined by analyzing key
gasification performance indicators, including product gas yield, syngas
yield, CCE and CGE, as listed in Table 4. Across all three reactor tem-
peratures, these performance indicators significantly increased when
steam was introduced into the reactor. The improved CCE and product
gas yield could mainly be attributed to the acceleration of the water—gas
reaction, which directly impacted the conversion of carbon. Addition-
ally, the increase in syngas yield and CGE can be explained by the
considerable increase in Hy concentration and moderate rise in CHy
concentration. This increase compensated for the loss of CO and
consequently improved gas yield and chemical energy. In conclusion,
the addition of steam as a gasification medium significantly enhanced
the gasification performance. Among the results investigated under
steam-rich conditions, a reactor temperature of 900 °C emerged as an
optimal value. This conclusion is supported by the highest Hj

7772 Without steam [_] With steam|

40 - 77
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Reactor temperature (°C)

Fig. 7. Effect of steam addition on product gas composition at reactor tem-
peratures of 800 °C, 850 °C and 900 °C.
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Table 4
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Effect of steam addition on product gas yield, syngas yield, carbon conversion and cold gasification efficiency at reactor temperatures of 800 °C, 850 °C and 900 °C.

Parameter Unit Reactor temperature (°C)
800 850 900

Gasification agent ) Without steam With steam Without steam With steam Without steam With steam

Product gas yield (Nm®/ 0.68 1.01 0.79 1.01 0.96 1.21
kg-bio)

Syngas yield (Nm®/ 0.37 0.56 0.47 0.58 0.63 0.77
kg-bio)

CCE (%) 57.04 79.64 63.62 76.44 73.40 82.49

CGE (%) 33.03 49.94 39.79 51.51 51.02 64.40

concentration, product gas yield, syngas yield, CCE and CGE.

3.3. Comparative analysis of chemical looping and conventional
gasification methods

Chemical looping gasification (CLG) has gained interest for its sug-
gested superior performance compared to conventional gasification
methods as it promises the production of high-quality product gas and
enhanced gasification efficiency. Nevertheless, it remains crucial to
directly compare the performance metrics of the methods and validate
the efficacy of CLG as a viable alternative. In this section, CLG has been
rigorously compared against conventional gasification methods to gauge
the potential benefits of CLG and identify areas that necessitate further
improvement. The investigation was comprehensively conducted to
compare critical performance parameters including product gas
composition, Hy/CO ratio, product gas and syngas yields, as well as CCE
and CGE.

3.3.1. Conventional biomass gasification using air vs biomass chemical
looping gasification without steam

A comparison between conventional biomass gasification using air
(CBGA) and biomass chemical looping gasification without steam
(BCLGO) was conducted to compare the gasification behavior when
oxygen was supplied using air and OC material, respectively. It is
important to note that the BCLGO method was evaluated in this study
primarily to isolate and examine the effect of oxygen supplied by
NS1100, in contrast to oxygen provided by air. The results of this
comparative study are illustrated in Fig. 8. The experiments for both
methods were conducted under similar reactor conditions, with reactor
temperatures of 800, 850 and 900 °C and a PFR feed rate of 1.1 g/min.
To ensure a fair comparison, both gasification methods were operated at
similar ER (~0.25-0.27). To achieve this, the CBGA process used an air
flow rate of 0.09 Nm®/h, while the BCLGO process maintained an OCBR
of 10:1. An OCBR of 10:1 was concluded optimal in our previous study
[43] which evaluated utlization of nickel smelter slag in BCLG.

Fig. 8(a) depicts the variation in product gas composition across
reactor temperatures ranging from 800 to 900 °C. Notably, a consistent
trend emerged across all temperatures, with CH4 concentration
remained higher under BCLGO compared to CBGA. The gap could be
attributed to difference in the rates of partial and complete oxidation
reactions of CH4 (R11 and R12) between the two gasification methods.
Specifically, the oxidation rate in BCLGO is observed to be lower than
that in CBGA, which can be ascribed to the limited reaction time and
reduced gas/solid interaction efficiency of the OC with CH4 compared to
air. This observation is corroborated by CFD investigations conducted by
Deng et al. [52] and Sheth et al. [53], which highlighted the reduced
concentration of OC in the freeboard region of the reactor in the
chemical looping process. However, the ineraction of OC with volatiles
could potentially be improved by optimizing the particle size and
fluidization velocities, while preferably using circulating fluidized bed
systems. Furthermore, due to the limited interaction between OC and
CH4 in BCLGO, a smaller proportion of CH4 undergoes oxidation to form
CO, CO; and Hy. It is evidenced by the higher concentration of CO and
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Fig. 8. Comparison of (a) product gas composition and (b) H,/CO ratio, PGY,
SGY, carbon conversion and cold gasification efficiency between conventional
biomass gasification using air and biomass chemical looping gasification
without steam. Here, PGY and SGY denotes product gas yield and syngas yields,
respectively.

CO5 observed in CBGA. However, the Hy concentration in CBGA is lower
than in BCLGO and can be ascribed to the oxidation of generated Hy (R8)
in the freeboard region. Interestingly, when the reactor temperature
reached 900 °C, the difference in Hy concentration between CBGA and
BCLGO became minimal (=~ 0.1 vol%). It could be attributed to the
increased reactor temperature, where higher temperature drove the
equilibrium towards H;0 in the exothermic oxidation reaction (R8).

CH4 + 202 « C02 + Hzo (AH = — 803 MJ/kmol) 12)

Fig. 8(b) illustrates the variation in product gas and syngas yields,
H,/CO ratio, CCE and CGE for the studied temperature range. Across the
temperatures investigated, it is evident that the product gas yield and
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CCE were similar or lower in the case of BCLGO compared to CBGA. This
observation suggests that more residual carbon was converted into
product gas under CBGA, contradicting previous findings that suggested
the presence of the OC promotes char conversion [5,7]. Additionally, the
syngas yield was marginally higher for BCLGO compared to CBGA (=
+0.02 Nm®/kg-bio), except at 900 °C, where the syngas yield was lower
for BCLGO than CBGA (=~ —0.1 Nm?’/kg—bio). The H,/CO ratio and CGE
under BCLGO were considerably higher than CBGA until 850 °C (H2/CO
ratio ~ +0.19 and CGE ~ +5.7%). However, Hy/CO became marginally
higher (=~ +0.02) and CGE became lower (~ —4.85%) than CBGA at
900 °C. These trends can be collectively understood by the variations in
product gas concentrations of combustible gases (CO, Hy and CHy4) and
was discussed earlier in detail. Overall, it can be concluded that BCLGO
did not exhibit any significant improvement in gasification performance
compared to CBGA. However, until reactor temperature of 850 °C, the
gasification performance of BCLGO was similar to CBGA. Nonetheless,
further optimization and improvement of BCLGO performance could be
achieved by investigating the influence of parameters (e.g., OC particle
size and gas flowrates) which may affect the concentration of OC in the
freeboard and consequently impact reactivity rates and reaction times.

3.3.2. Conventional biomass gasification using air and steam vs biomass
chemical looping gasification using steam

Conventional biomass gasification using air and steam (CBGAS) and
biomass chemical loooping gasification using steam (BCLGS) were
thoroughly compared under similar experimental conditions to ensure
uniformity. For both gasification methods, the experiments were con-
ducted at reactor temperatures ranging from 800 to 900 °C, with a
constant PFR feed rate of 1.1 g/min and an SBR of 1.3 to 1.4. For CBGAS,
the air flow rate was maintained at 0.09 Nm®/h, while for BCLG, the
OCBR was consistently maintained at 10:1. The comparison results are
presented in Fig. 9.

Analysis of Fig. 9(a) revealed distinct trends in product gas compo-
sition between BCLGS and CBGAS. Notably, under BCLGS, a significant
increase in Hy concentration and decrease in CO concentration
compared to CBGAS is observed, which indicated a catalytic effect of the
OC in promoting the water—gas shift reaction (R4) [54]. Additionally, at
reactor temperatures of 850 and 900 °C, BCLGS demonstrated lower CH4
concentrations compared to CBGAS (= —1.5 and =~ —0.5 vol%, respec-
tively), which suggested catalysis of the steam-methane reforming re-
action (R5) by the OC. However, as the reactor temperature reached
900 °C, the reforming effect weakened, possibly due to partial deacti-
vation of the OC through thermal sintering. This observation aligns with
findings discussed in the study by Goel et al. [43], which highlighted the
increased effect of higher temperatures and steam addition on the ac-
celeration of thermal sintering and agglomeration tendencies in the OC.
To investigate the behavior of sintering and agglomeration, the specific
surface area and total pore volume of the OC were examined. It was
observed that both properties decreased (e.g., specific surface area,
1.412 —-0.261 m?/g and total pore volume, 0.0015 —0.0004 cm®/g)
when steam was used as the gasification medium. Additionally, SEM
analysis further revealed that smaller NS1100 particles tended to merge
into larger agglomerates during the gasification process, resulting in
clustered structures in the reacted OC samples. This behavior can be
attributed to the accelerated agglomeration tendency of alkali com-
pounds (e.g., K and Na) under steam-rich conditions [55]. Additionally,
steam promotes the formation of alkali silicates and alkali hydroxides,
which lowers their melting points and increases particle wettability,
further enhancing agglomeration. This partial deactivation of the OC is
further supported by the narrowing differences in product gas compo-
sition, syngas yields, CCE and CGE values between CBGAS and BCLGS at
higher temperatures, as illustrated in Fig. 9(b).

Furthermore, analysis of the CCE trend revealed that at reactor
temperatures of 850 and 900 °C, CCE was higher in BCLGS compared to
CBGAS (= +1.4%). It can be attributed to the improved conversion of
residual carbon facilitated by the promotion of the water—gas reaction
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Fig. 9. Comparison of (a) product gas composition and (b) H,/CO ratio, PGY,
SGY, carbon conversion and cold gasification efficiency between conventional
biomass gasification using air/steam and biomass chemical looping gasification
with steam. Here, PGY and SGY denotes product gas yield and syngas yields,
respectively.

(R3). Moreover, at 800 °C, BCLGS exhibited inferior gasification per-
formance compared to CBGAS with lower gas yields (~ —0.05 Nm®/kg-
bio) and efficiencies (CCE ~ —20.5% and CGE ~ —2.5%). It may be
ascribed to insufficient activation of the OC at lower temperatures. Ul-
timately, it can be considered that a reactor temperature of 850 °C was
ideal, where the OC is optimally activated to promote gasification re-
actions and achieve enhanced performance.

3.3.3. Comprehensive evaluation

Reflecting on the objective of the study to benchmark chemical
looping against conventional gasification methods, the gasification
methods CBGA, CBGAS, BCLGO and BCLGS were thoroughly investi-
gated to provide a deeper understanding of the potential benefits and
limitations. These methods underwent thorough analysis covering
crucial gasification performance indicators, including product gas
composition, syngas and product gas yields, carbon conversion and cold
gas efficiencies. To this end, the integration of results from these in-
vestigations is pivotal in facilitating a comprehensive evaluation of the
most suitable gasification method. The comparison results among
different gasification methods, depicted in Fig. 10, provide valuable
insights for drawing conclusions. The results are comparative consid-
ering all the experiments were carried out under similar conditions with
a reactor temperature of 850 °C and a PFR feed rate of 1.1 g/min. For
CBGA and CBGAS configurations, the airflow rate was held constant at
0.09 Nm®/h, which correspond to an ER of 0.27. In contrast, for the
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BCLG configuration, oxygen source was changed from air to OC, with an
OCBR of 10:1 and yielded a similar ER of 0.25. Additionally, the SBR was
controlled within the range of 1.3 to 1.4 for CBGAS and BCLGS
configurations.

The analysis of Fig. 10 reveals that gasification methods, including
CBGA, CBGAS and BCLGO, exhibit similar compositions within specific
ranges: CO concentration ranged between 36.6-37.7 vol%, Hy concen-
tration ranged from 21.6-26.6 vol%, CO, concentration ranged between
27.8-34.3 vol%, and CH4 concentration lied within 7.1-9.9 vol%.
However, a notable deviation in composition is observed for BCLGS,
characterized by a substantial increase in Hy concentration to 38.9 vol%,
accompanied by a decrease in CO concentration to 19.6 vol%, and CHy4
concentration to 6.6%, while CO5 concentration remained relatively
similar at 34.5 vol%. The change in composition can be predominantly
attributed to enhanced reforming reactions (water-gas reaction, R3,
water-gas shift reaction, R4, and steam-methane reforming reaction,
R5), facilitated by two key factors; the addition of steam as a gasification
medium and more importantly the catalytic properties of OC material.
Consequently, the elevated Hy concentration rendered BCLGS particu-
larly suitable for Hp production. Additionally, BCLGS demonstrated
superior gasification performance demonstrated by its highest CCE at
77.9%, CGE at 58.7%, Hy/CO ratio of 1.99, and the best syngas and
product gas yields of 0.7 and 1.2 Nm®/kg-bio, respectively. Interest-
ingly, the Hy/CO ratio of 2.0 observed in BCLGS aligns well with the
requirements for biofuel production (e.g. Fischer-Tropsch liquids, SNG,
ammonia or methanol), potentially eliminating the need for additional
reactors to adjust this ratio. While conventional gasification methods
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typically exhibit Ho/CO ratios below 1, BCLGS presents a promising
solution to overcome this limitation. Nevertheless, CBGA, CBGAS and
BCLGO remain viable options for gasoline production, which requires a
Hy/CO ratio of 0.5 to 1.0. In the context of BCLGO, it demonstrated
similar performance to that of CBGA, albeit with inferior performance
relative to CBGAS. It is characterized by inferior CCE (59.69%) than that
of CBGA and CBGAS. Moreover, its CGE of 45.43% was slightly higher
compared to CBGA but lower than CBGAS. Additionally, the BCLGO
yielded a product gas yield of 0.79 Nm®/kg-bio, which was equivalent to
CBGA but lower than CBGAS. Similarly, its syngas yield of 0.49 Nm®/kg-
bio marginally exceeded CBGA but trailed behind CBGAS. Notably, the
H,/CO ratio of BCLGO measured at 0.75 exceeded that of CBGA but was
less than that of CBGAS. In conclusion, while BCLGO demonstrated
comparable performance to conventional gasification methods, BCLGS
emerged as a promising alternative to conventional gasification. BCLGS
outperformed all other methods across the measured gasification per-
formance indicators.

The study demonstrated that BCLGS is a promising alternative to
conventional gasification methods. However, agglomeration due to
sintering, particularly at high temperatures in the presence of steam,
remains a challenge, as discussed in detail in our previous study [43].
Additionally, experiments were carried out using a lab-scale (~0.5
kWy,) bubbling fluidized bed reactor with fresh OC material for each
test, subjecting the particles to less stress than would occur in a circu-
lating fluidized bed system. Moreover, it was assumed that the lattice
oxygen supplied by NS1100 is constant, based on the material’s oxygen
transport capacity, without accounting for the kinetic effects of particle
size or reaction time. Consequently, further research is needed to
investigate and optimize particle size, residence time, and incorporate
advanced reactor designs (e.g., dual fluidized beds) to improve perfor-
mance and scalability. To this end, pilot-scale testing is also essential to
evaluate long-term durability and attrition behavior of OC material. For
a detailed discussion of the challenges associated with nickel smelter
slag and perspective on its advancement for BCLG applications, refer to
our previous study on evaluation of nickel smelter slag for BCLG [43].

4. Conclusion

This study primarily compared the performance of biomass chemical
looping gasification (BCLG) against conventional gasification methods
such as air and air/steam. It analyzed the impact of different operational
parameters on the conventional gasification of pine forest residue and
concluded that a reactor temperature of 900 °C, an equivalence ratio of
0.3 and the steam-to-biomass ratio of 1.3 were the most optimal pa-
rameters. The comparison of different gasification methods suggested
that BCLG without steam exhibited performance similar to conventional
biomass gasification using air and air/steam, which can be attributed to
the limited interaction efficiency of oxygen carrier particles with
biomass volatiles. Additionally, BCLG with steam outperformed all other
methods and emerged as the most promising alternative to conventional
gasification. BCLGS demonstrated improvements of approximately
111% in the Hy/CO ratio, 30% in product gas yield, 17% in syngas yield,
2% in carbon conversion efficiency and 14% in cold gasification effi-
ciency, compared to conventional biomass gasification using air/steam.
It can be concluded that the presence of oxygen carrier catalyzed the
reforming reactions, thereby significantly enhancing the performance of
BCLG with steam.
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