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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Redox-active sorbent enables isothermal 
sorption enhanced steam gasification 
(SESG). 

• Isothermal SESG leads to six-fold in
crease in H2 yield. 

• SrMnO3-δ shows excellent cyclic stabil
ity and ash tolerance. 

• SESG improves cold gas efficiency with 
better syngas quality. 
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A B S T R A C T

Sorption-enhanced steam gasification (SESG) represents a promising route for hydrogen-rich syngas production. 
However, the rapid deactivation of conventional CaO-based sorbents, and the efficiency loss associated with the 
high temperature sorbent regeneration step, remain as critical challenges. In this study, a redox-activated 
SrMnO3 sorbent was used for isothermal SESG of biomass in a fluidized-bed to investigate fuel flexibility, tor
refaction effects, and long-term stability. Four biomass feedstocks as well as their torrefied counterparts were 
evaluated. All untreated feedstocks produced hydrogen-rich syngas with H2 concentration >60% and H2/CO 
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ratios >4 under isothermal operation at 850 ◦C. Torrefaction decreased H2 purity and syngas yield due to 
reduced volatile matter content. Long-term experiments in both a fluidized-bed reactor and TGA demonstrated 
excellent cyclic stability of SrMnO3 and strong ash resistance. The structural and compositional properties of the 
sorbents were characterized in detail, confirming the chemical and structural stability of the SrMnO3 sorbent 
during prolonged cyclic operation. Process simulation further showed that SESG of biomass significantly 
enhanced cold gas efficiency while maintaining a comparable heat demand compared to state-of-the-art indirect 
biomass gasification. Overall, SrMnO3 exhibits strong potential as a robust sorbent for efficient and flexible 
biomass-to-hydrogen conversion.

1. Introduction

With the increasing impacts of global warming, reducing greenhouse 
gas emission has emerged as a prominent global concern (Mac Dowell 
et al., 2021). Due to the merits in the high specific energy density and 
environmentally friendly byproducts, hydrogen is being widely regar
ded as a highly promising substitute for conventional energy carriers 
(Acar & Dincer, 2020; da Silva Veras et al., 2017; Yue et al., 2021). It is 
widely used as an intermediate for chemical synthesis and also served as 
an energy carrier for heat and power generation (Antzaras & Lemon
idou, 2022; Hanley et al., 2018; Hosseini & Wahid, 2016). In 2024, the 
global hydrogen supply reached ~100 million tons, with a projection to 
be 130~180 million tons by 2030 (Gül et al., 2025). However, the 
low-CO2-emssion hydrogen only accounted for <1% of the total global 
production, with a majority still produced from fossil fuels (Zapantis, 
2021). As such, the conventional production pathway remains 
carbon-intensive despite the clean features of hydrogen (Dawood et al., 
2020; Sazali, 2020).

As a sustainable and carbon neutral alternative feedstock, biomass 
has emerged as a promising resource for green hydrogen production 
(Ahmed et al., 2012; Cao et al., 2020; Parthasarathy & Narayanan, 2014; 
Sikarwar et al., 2016; U.S. Department of Energy, 2023; Zhao et al., 
2017). Biomass gasification is typically conducted in three types of re
actors: fixed-bed gasifiers, entrained-flow gasifiers, and fluidized-bed 
gasifiers. Despite their low capital cost and operational simplicity, 
both updraft and downdraft fixed-bed gasifiers suffer from severe tar 
formation and yield a relatively low hydrogen concentration of only 
10–20% (Wang et al., 2025). Entrained-flow gasifiers can effectively 
suppress tar formation owing to their extremely high operating tem
peratures. However, they impose stringent requirements on feedstock 
particle size, rendering biomass pretreatment costly and technically 
challenging (Tezer et al., 2022). Moreover, the hydrogen concentration 
in entrained-flow gasification is generally limited to 25–35% (Lundgren 
et al., 2025). At present, circulating fluidized-bed gasifiers are consid
ered as one of the most promising reactor configurations for biomass 
gasification due to their excellent heat and mass transfer, uniform 
temperature distribution, and high fuel flexibility. Nevertheless, even 
under steam gasification conditions, the hydrogen concentration in the 
produced syngas is typically below 40%. Since most downstream 
chemical synthesis processes require a syngas H2:COx ratio exceeding 2, 
extensive syngas conditioning and energy-intensive separation steps are 
required to enrich hydrogen, significantly increasing system complexity 
and cost and thereby reducing the overall competitiveness of 
biomass-derived hydrogen (Andersson & Lundgren, 2014; Puig-Gamero 
et al., 2018; Richardson et al., 2012).

In contrast, sorption-enhanced steam gasification (SESG) has emerged 
as a promising route for producing hydrogen or hydrogen-rich syngas by 
integrating biomass gasification, the water–gas shift reaction, and in-situ 
CO2 capture in a single process step (Acharya et al., 2009; Chen & He, 
2011; Parvez et al., 2021). Continuous removal of CO2 during gasification 
shifts the reaction equilibrium toward H2 formation, enabling signifi
cantly enhanced hydrogen concentrations and tunable H2/COx ratios 
through operating conditions, which facilitates direct integration with 
downstream chemical synthesis processes (AlNouss et al., 2022; Broda 
et al., 2012; Dang et al., 2020; Fermoso et al., 2012; Gil et al., 2016; 

Sikarwar et al., 2022; Wu et al., 2012; Yan et al., 2020; Yang et al., 2021). 
Despite these advantages, the practical deployment of SESG is severely 
constrained by the rapid degradation of conventional CO2 sorbents as well 
as the large temperature swing needed for the high-temperature and 
endothermic sorbent regeneration step (Jiang et al., 2017; Li et al., 2021). 
CaO-based sorbents typically suffer a 50–80% loss in CO2 capacity within 
several tens of carbonation–decarbonation cycles due to sintering, leading 
to enlarged reactor size, reduced hydrogen purity, and unfavorable pro
cess economics (Abanades, 2002; Daud et al., 2016; Grasa & Abanades, 
2006; Jiang et al., 2017). Although the incorporation of inert stabilizers 
such as Al2O3 or ZrO2 can mitigate sintering, it inevitably sacrifices the 
overall sorption capacity (Armutlulu et al., 2017; Dang et al., 2021; Dang 
et al., 2016; Radfarnia & Iliuta, 2014; Rusten et al., 2007; Wu et al., 2012).

To address these limitations, a novel class of redox-activated CO2 
sorbents based on mixed-metal oxides (AxByOz) has been proposed 
(Dang et al., 2018; Li et al., 2023). In these materials, alkali or 
alkaline-earth A-site species capture CO2, while transition-metal B-site 
species provide redox activity and catalytic functionality. During SESG, 
lattice oxygen donation and CO2 capture occur simultaneously, whereas 
regeneration proceeds through carbonate decomposition and reforma
tion of the mixed oxide phase. Such fully reversible phase transitions 
have been demonstrated to suppress sintering and enhance long-term 
stability (Brody et al., 2022, 2025; Dang et al., 2018). Moreover, by 
tailoring the elemental composition, the oxygen chemical potential can 
be adjusted to enable isothermal operation at 850 ◦C, eliminating the 
need for large temperature swings during regeneration (Dou et al., 2016; 
House et al., 2009; Masoudi Soltani et al., 2021; Wang et al., 2021). This 
feature is particularly attractive, as isothermal operations above 800 ◦C 
is highly desirable for efficient biomass gasification and tar suppression 
(Fuchs et al., 2019; Virginie et al., 2012).

In our previous study, SrMnO3 was identified as an effective redox- 
activated CO2 sorbent for sorption-enhanced reforming of methane 
and gasification of woody biomass (Cai et al., 2024). Building upon 
these results, the present work further explores the fuel flexibility, tor
refaction effects, and long-term stability of SrMnO3 using four different 
biomass feedstocks in a batch-scale fluidized-bed reactor. Four biomass 
waste feedstocks, including untreated and chemically treated materials 
as well as their torrefied samples, were evaluated. All untorrefied 
feedstocks produced hydrogen-rich syngas with H2 purity exceeding 
60% and H2/CO ratios above 4 under isothermal operation at 850 ◦C. 
Long-term experiments in both a fluidized-bed reactor and thermogra
vimetric analysis (TGA), combined with comprehensive material char
acterization, demonstrated excellent cyclic stability of SrMnO3 with 
stable hydrogen production, sustained CO2 sorption capacity, and strong 
resistance to biomass ash, and robust structural and compositional 
properties. Process simulation further indicated that SESG significantly 
improves syngas quality with comparable heat requirements compared 
to the conventional indirect biomass gasification condition.

2. Methodology

2.1. Materials and characterization

The SrMnO3 redox-activated CO2 sorbents were synthesized via a 
solid-state reaction method. Stoichiometric amounts of SrCO3 (Sigma- 
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Aldrich, >99.9%) and MnO2 (Materion, >99.9%) were loaded into a 
100 mL Teflon jar and ball-milled at 250 rpm for 12 h using a planetary 
ball mill (Columbia International, CIT-XBM4X-2.0 L). Yttria-stabilized 
ZrO2 beads were employed as the milling media with a bead-to- 
precursor mass ratio of 5:1. To enhance mixing uniformity and reduce 
particle size, ethanol (Fisher Scientific, CDA 19, histological grade) was 
added at a dosage of 1 mL per gram of precursor. Three bead diameters 
(3, 6, and 10 mm) with equal mass fractions were used to improve 
milling efficiency.

The resulting wet slurry was dried in an oven at 95 ◦C for 30 min 
followed by 130 ◦C for an additional 30 min to remove residual ethanol. 
After drying, the powders were separated from the ZrO2 beads, pellet
ized under a uniaxial pressure of 20 tons, and subsequently calcined in a 
muffle furnace (KSL-1200X, MTI Corporation) at 1100 ◦C for 10 h to 
form the perovskite phase. The heating and cooling ramp rates were 
both set to 3 ◦C/min. The as-prepared perovskite sorbents were sieved 
into two particle-size fractions: 180–425 μm for reactor experiments and 
<180 μm for X-ray diffraction (XRD) and X-ray Fluorescence (XRF) 
characterization.

The phase structures of the fresh and spent sorbents were charac
terized using a PANalytical X'Pert PRO X-ray diffractometer operated at 
45 kV and 40 mA. Diffraction patterns were collected over a 2θ range of 
15–65◦ with a step size of 0.0262◦ and a dwell time of 0.2 s per step. 
Phase identification and analysis were performed using Highscore Plus 
software.

The specific surface area and pore volume of the fresh and long-term 
tested samples were determined by nitrogen adsorption–desorption 
measurements performed on a Micromeritics ASAP 2020 analyzer at 
77 K. Prior to analysis, each sample was degassed under vacuum 
(pressure <5 mm Hg) at 200 ◦C for 10 h to eliminate adsorbed gases and 
impurities. The surface area was evaluated using the multipoint BET 
method over a relative pressure range of P/P0 = 0–0.2 providing 
detailed insights into the materials’ surface and textural characteristics. 
Due to the relatively low surface area of the samples, the N2 adsorption 
isotherms at 77 K exhibited a downward trend beyond P/P0 = 0.25, 
preventing reliable mesopore analysis using the BJH method. Therefore, 
the pore size distribution was instead estimated using the DFT method, 
focusing primarily on the micropore region.

The bulk elemental compositions of the sorbents were characterized 
by XRF using a Supermini 200 sequential benchtop WDXRF spectrom
eter (Rigaku, Japan), equipped with a 50 kV, 200 W Pd anode X ray tube, 
scintillation and flow proportional (F-PC) detectors. Approximately 3 g 
of dried powder was used for each measurement. The microscale surface 
morphology and elemental distribution were characterized using the 
Scanning Electron Microscope-Energy Dispersive X-ray Spectroscopy 
(SEM-EDS). The analyses were performed on a Hitachi SU8700 field- 
emission SEM operated at an accelerating voltage of 15 kV. During 
imaging, the analyzer tension was set to 2.00 kV, with a spot size of 30 
and a working distance maintained between 4 and 5 mm.

To evaluate the SESG performance of SrMnO3 with respect to 
biomass composition, four types of biomass wastes were used in this 
study. Untreated Southern Yellow Pine was selected as the reference 
feedstock. In addition, three chemically treated biomass materials were 
investigated: railroad ties treated with Creosote, FlamePro wood sub
jected to flame-retardant treatment, and decay-resistant wood treated 
with copper azole type C for marine applications. These materials are 
hereafter referred to as Pine, Creosote, FlamePro, and CuAz, respec
tively. Torrefaction is a mild thermal pretreatment known to dehydrate 
biomass and increase its C/H and C/O ratios, thereby enhancing the 
heating value of both the feedstock and the resulting syngas. Accord
ingly, Pine, FlamePro, and CuAz were torrefied at 200 ◦C for 20 min and 
are denoted as torrefied Pine, torrefied FlamePro, and torrefied CuAz, 
respectively.

2.2. Reactivity evaluation

Proximate analyses of the biomass wastes were performed using a 
TGA-55 thermogravimetric analyzer (TA Instruments). Moisture content 
was determined by heating the samples from room temperature to 
105 ◦C at a rate of 15 ◦C/min and holding at 105 ◦C for 10 min under a 
nitrogen atmosphere. Subsequently, the samples were heated from 105 
to 900 ◦C at 15 ◦C/min and maintained at 900 ◦C for an additional 
10 min to quantify the volatile matter. The atmosphere was then 
switched to air to determine the fixed carbon and ash contents. The 
higher heating values (HHVs) of the biomass samples were measured 
using a Parr Model 1108 oxygen bomb calorimeter. Ultimate analyses 
were conducted using a CE440 CHN elemental analyzer (Exeter 
Analytical). The key biomass properties obtained from proximate and 
ultimate analyses are summarized in Table 1.

The cyclic CO2 sorption behavior of the SrMnO3 sorbents was 
investigated using an SDT Q650 simultaneous thermal analyzer (TA 
Instruments). To replicate the sorption-enhanced gasification environ
ment, a four-step cycling protocol was implemented, comprising 
reduction, regeneration, and two intermediate argon purging stages 
separating each half-cycle. ~23 mg of fresh sorbent particles 
(180–425 μm) was placed in the TGA sample crucible and heated to 
850 ◦C at a rate of 30 ◦C/min under an Ar flow of 140 sccm (Airgas, UHP 
5.0). All gas flow rates were precisely regulated using Alicat MC-series 
mass flow controllers. After reaching the target temperature, the sam
ple was equilibrated under Ar for 8 min to ensure thermal stability. The 
reduction–sorption step was then initiated by introducing a mixed gas 
stream containing 40 sccm H2 (Airgas, UHP 5.0) and 20 sccm CO2 
(Airgas, 4.0 grade) for 40 min. Following the reduction stage, H2 and 
CO2 feeds were discontinued and the system was purged with Ar for 
8 min, during which partial carbonate decomposition occurred. 
Regeneration was subsequently performed by supplying 35 sccm of O2 
(20 vol% in balance Ar gas) for 30 min. During this period, the reduced 
sorbent underwent reoxidation with substantial CO2 release. Comple
tion of the regeneration step marked the end of one full cycle, after 
which the subsequent cycle was carried out under identical conditions. 
A total of 30 consecutive cycles were conducted to evaluate the long- 
term stability of the SrMnO3 sorbents. The sorption capacity was 
defined as the ratio between the experimentally measured moles of CO2 
release and the theoretical CO2 uptake determined by the stoichiometric 
content of A-site cations. Detailed calculation methods are reported in 
our previous work (Cai et al., 2024).

The sorption-enhanced gasification performance of SrMnO3 was 
evaluated in a laboratory-scale bubbling fluidized-bed (BFB) reactor. As 
illustrated in Fig. 1, the reactor consisted of a vertical 316 L stainless- 
steel tube (25.4 mm OD, 23.6 mm ID) placed in a tubular furnace 
(MTI OTF-1200X-S-VT) with an effective heating length of approxi
mately 20 cm. The reaction temperature was monitored using an S-type 
thermocouple positioned at the center of the heating zone. Prior to each 
experiment, a layer of 16-mesh Al2O3 particles (~1.2 mm) was loaded at 
the bottom of the reactor to support the bed, followed by 15 g of 
SrMnO3, corresponding to a close-packed bed height of ~2 cm.

A four-step cyclic operation was employed, consisting of reduction, 
regeneration, and two intermediate purge steps. During the reduction 
and purge stages, 923 sccm of Ar (Airgas, UHP 5.0) was supplied, while 
regeneration was carried out using a mixture of Ar and O2 (683/240 
sccm). All gas flow rates were controlled using mass flow controllers 
(Brooks 5850 E series). Steam was generated by injecting deionized 
water into the heated zone through a stainless-steel tube (3.18 mm OD, 
2.16 mm ID) using a syringe pump (Harvard Apparatus) at a rate of 
0.21 mL/min, corresponding to 277 sccm steam and a steam-to-gas ratio 
of 0.3. The Sauter-mean particle size of the SrMnO3 sorbent was 
approximately 320 μm. The minimum fluidization velocity estimated 
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from the Ergun equation was approximately 0.03 m/s under the Ar at
mosphere, whereas the superficial gas velocity used in the fluidized-bed 
experiments was approximately 0.19 m/s. Therefore, the operating ve
locity was more than six times Umf, suggesting that the bed was main
tained under the fluidized conditions. The product gas stream was heat- 
traced and passed through an ice-cooled condenser to remove water 
before on-line analysis using an MKS Cirrus II quadrupole mass spec
trometer. The mass spectrometer was calibrated using standard gases 
after the experiments. The gas compositions are reported on a dry and 
Ar-free basis for each cycle.

Biomass particles (200–500 μm) were injected via a stainless-steel 

injection tube (3.75 mm OD, 3.35 mm ID) inserted into the sorbent 
bed to enhance mixing. A pulse-feeding mode was adopted, in which 0.3 
or 0.1 g of biomass was injected per pulse using ~3 mL of helium gas at 
20 psig as the carrier gas. Two consecutive pulses were applied to 
minimize biomass retention in the feed line. For each biomass type, at 
least three effective cycles were conducted with five biomass pulses per 
cycle. Additional experiments involving deep reduction (12 pulses per 
cycle) and extended operation over 10 cycles were performed to assess 
the effect of reduction extent and the long-term stability of SrMnO3. The 
CO2 sorption capacity was calculated based on the CO2 released in the 
regeneration step. The cold gas efficiency (CGE) of syngas was 

Table 1 
Proximate and ultimate analysis of biomass used in experiments.

Item HHVar
a Mar Aar Var FCar Cdaf Hdaf Odaf

b Ndaf

MJ/kg % % % % % % % %

Pine 16.92 6.00 0.81 78.63 14.56 50.0 6.20 43.7 0.10
Creosote 18.39 4.02 1.86 84.41 9.66 49.6 5.7 44.6 0.10
FlamePro 17.05 4.61 5.70 64.86 24.84 46.9 6.0 46.6 0.60
CuAz 17.14 5.24 1.69 79.54 13.20 50.9 5.9 43.1 0.06
Torrefied Pine 20.25 4.07 1.55 76.45 17.93 54.3 5.9 39.9 0.00
Torrefied FlamePro 22.46 3.82 3.79 47.70 44.69 64.4 4.9 29.7 0.90
Torrefied CuAz 18.66 3.74 1.56 78.61 16.1 51.0 5.5 43.5 0.02

Note.
a as received samples.
b dried ash-free samples.

Fig. 1. Schematic diagram of the batch fluidized bed reactor for SESG of biomass.

R. Cai et al. Particuology 115 (2026) 256–266

259 



calculated using Eq. (1), 

ηCGE =

∑
Qi × LHVi

mfuel × LHVfuel
× 100% (1) 

Where Qi is the gas volume (Nm3) of a specific syngas component (H2, 
CO, and CH4), LHVi is its lower heating value (kJ/Nm3), Qfuel is the mass 
of injected biomass fuel (g), and LHVsyngas is the lower heating value of 
the biomass fuel (kJ/g).

2.3. Process modeling

Aspen Plus was used to compare conventional indirect biomass 
gasification (base case, adapted from Dutta et al. NREL (Dutta et al., 
2011) and SrMnO3-based SESG. The simplified process schematics are 
presented in Fig. 2, while the corresponding Aspen Plus flowsheets for 
each configuration are shown in Supplementary Fig. S1. Details of the 
simulation methodology are also provided in the Supporting Informa
tion. We note that the modeling effort is a scenario-level thermodynamic 
comparison based on bench-scale experimental data, intended to illus
trate the directional process advantages of SESG rather than providing a 
fully optimized design. We further acknowledge that the results are 
sensitive to feedstock composition, reactor configuration, and 
heat-integration assumptions.

Both cases use the same biomass feedstock (untreated Southern 
Yellow Pine, 10,000 kg/h dry basis, 49.5 MWth LHV) and the same 
biomass decomposition step, and the comparison is drawn at the gasifier 
plus char combustor for the base case, and gasifier plus regenerator for 
SESG. The base case gasifier was operated at 868 ◦C with S/B = 0.4 and 
olivine as the heat carrier, following the NREL methodology. The SESG 
gasifier was operated at 850 ◦C with a C/steam molar ratio of 1:2, 
matching our fluidized-bed experiments.

Because SrMnO3 is not a defined component in the Aspen Plus 
databank, the sorbent was not looped explicitly. Instead, an O2 donation 
stream into the gasifier represented oxygen transfer from the sorbent, 
with its flowrate tuned to match the experimental syngas LHV. As 
observed experimentally, SrMnO3 returns to its original state at the end 
of each cycle, so by Hess's law the sorbent reactions in the gasifier 
(reduction + carbonation) and regenerator (oxidation + decarbonation) 
are captured collectively in the gasifier-regenerator pair heat duty, 
regardless of whether the sorbent is tracked as an explicit stream. Both 
reactors operate isothermally at 850 ◦C, so the sorbent carries no 
sensible-heat penalty between them. In addition to the five-pulse case 
(135 kmol/h O2 donation), a four-pulse case was modeled to represent 
partial sorbent regeneration with reduced oxygen donation (85 kmol/h), 
analogous to partial-oxidation operation in a CFB configuration. The 4- 
pulse case represents a hypothetical partial-regeneration scenario, 
indicating the upper-bound performance achievable under optimized 
CFB operation, while the 5-pulse case reflects the integrated experi
mental performance of the current batch fluidized-bed configuration. 
Complete flowsheets, stream-level data, and detailed assumptions are 

provided in the appendix (Fig. S1, Table S3 and S4).

3. Results and discussion

3.1. Comparison of different biomass feedstock

The effect of biomass injection amount was first investigated using 
as-received pine wood as the feedstock. For a small pulse injection of 
0.1 g/pulse, negligible H2 production was observed until the fifth pulse 
injection (Fig. S2a), indicating that the in-situ CO2 sorption and 
reforming reactions were insufficient to establish a hydrogen-rich 
environment during the initial cycles due to the complete oxidation of 
the biomass by the lattice oxygen in SrMnO3. This behavior is consistent 
with our previous findings, as SrMnO3 requires an initial reduction step 
before active SrO species are released to capture CO2 (Brody et al., 
2025). In contrast, when the pulse injection amount was increased to 
0.3 g, H2 generation was initiated as early as the second pulse injection, 
and the H2 purity exceeded 70% from the fourth injection (Fig. S2b). As 
shown in Fig. 3(a) and (b), an extended operation with 12 consecutive 
biomass pulses (0.3 g each) was subsequently performed to evaluate 
effectiveness of sorbent. The H2 purity reached a maximum of 75% at 
the fourth injection and then gradually declined to below 60% in the 
later cycles. Meanwhile, the total volume of combustible components 
(H2, CO, and CH4) in the syngas decreased progressively, accompanied 
by an increase in CO2 concentration to approximately 23%. This trend 
suggests a gradual depletion of the sorption-enhancement effect of the 
SrMnO3 sorbent, as its CO2 uptake capacity became saturated over 
repeated injections. During the regeneration step, the released CO2 
corresponded to approximately 65 mol% of the theoretical sorption 
capacity of SrMnO3 (~24 wt%), demonstrating a substantial CO2 up
take. Such a high utilization of sorption capacity confirms the effec
tiveness of SrMnO3 for isothermal SESG of biomass, enabling significant 
in-situ CO2 removal and thereby promoting hydrogen enrichment in the 
product gas.

As presented in Fig. 3(c) and (d), SESG performance was evaluated 
for four untorrefied biomass samples. All four feedstocks produced 
syngas with H2 purity exceeding 60% and an H2/CO ratio higher than 4, 
which was sufficient for downstream chemical synthesis processes, such 
as methanol or methane production. Among them, untreated pine 
exhibited the highest H2 purity, followed by CuAz, FlamePro, and Cre
osote. In contrast, Creosote showed the highest total syngas yield, with 
the average CGE of the last three injections reaching 107%. The CGE 
exceeding 100% is attributed to the external furnace heat input, which 
was not included in the CGE denominator. During char steam gasifica
tion (C + H2O→CO + H2), part of this external heat input is converted 
into the chemical energy of CO and H2, resulting in an apparent CGE 
above 100%. FlamePro, however, exhibited significantly lower syngas 
production compared to the other samples, with an average CGE of only 
68% over the last three injections.

Although the carbon content of all four biomass samples was similar 

Fig. 2. Simplified flow diagrams for: (a) indirect biomass gasification (b) SESG of biomass with SrMnO3 sorbents.
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(approximately 50%), their volatile matter and fixed carbon contents 
differed substantially. As listed in Table 1, Creosote exhibited the 
highest volatile matter content (84%), followed by Pine and CuAz (both 
~79%), while FlamePro contained only 65%. This trend was consistent 
with the observed CGEs. Moreover, as shown in Fig. 3(e), the devolati
lization behaviors of Pine, Creosote, and CuAz were relatively similar, 
occurring primarily around 300 ◦C and resulting in approximately 70% 
weight loss. In contrast, FlamePro exhibited remarkedly different 
behavior, with only about 30% weight loss within the same temperature 
range. Rapid devolatilization generates a larger fraction of reactive 
gaseous intermediates, which can readily contact the sorbent particles 
and promote effective sorption-enhanced reactions. In comparison, 
char-dominated reactions proceed more slowly and are governed by 
limited gas–solid or solid–solid interactions, resulting in lower overall 
carbon conversion efficiency. Consequently, the syngas performance of 
FlamePro was significantly inferior to that of the other three biomass 
feedstocks. Regarding tar formation, while not precisely quantified in 
this small-scale study, visual observation indicated no obvious tar for
mation for Pine, FlamePro, and CuAz. However, Creosote resulted in 
visible dark oily deposition on the downstream PTFE tubing, which was 
consistent with its high volatile content. It should be noted that the 
biomass feeding amount was relatively small in this study, with 1.5 g per 

cycle, which limited reliable tar collection and quantitative analysis. 
Therefore, the present results only provide a qualitative indication of tar 
formation. Quantitative tar measurements under larger feeding rates are 
needed in future work to further evaluate tar formation and suppression 
across different feedstocks.

Regarding CO2 sorption capacity, the carbonation reaction is 
generally slower than devolatilization. For Creosote, the substantial and 
rapid release of CO2 during devolatilization likely exceeded the instan
taneous sorption kinetics and available active sites of the sorbent, 
leading to partial CO2 escape. This explains the comparatively lower H2 
concentration and incomplete utilization of CO2 sorption capacity 
observed for Creosote, despite its higher syngas yield.

It should also be noted that the sorbent bed height in this study was 
limited to only approximately 2 cm under the closed-packing condition 
prior to fluidization. In practical fluidized-bed systems, performance 
could be further enhanced by improving gas-solid contact between 
biomass-derived gases and sorbent particles or by extending the effec
tive residence time within the sorbent bed, thereby facilitating more 
complete CO2 capture and hydrogen enrichment. Additionally, by 
adjusting the regeneration duration, the oxidation state of SrMnO3 and 
the corresponding lattice oxygen donation capacity of the sorbent can be 
effectively tuned. This partial regeneration approach can mitigate over- 

Fig. 3. SESG performance of different biomass feedstocks in the fluidized bed reactor: (a) gas evolution profiles and (b) gas composition during extended operation 
with 12 consecutive pulses of untorrefied pine; (c) total syngas yield and average gas concentrations; and (d) cold gas efficiency and CO2 sorption capacity for 
different biomass feedstocks; (e) reaction properties of different biomass feedstocks in the TGA.
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oxidation of syngas during the initial pulses and improve the overall 
hydrogen purity.

3.2. Impact of torrefaction

Generally, torrefaction pretreatment removes hydroxyl groups and 
moisture, reduces volatile matter content, and increases the C/H and C/ 
O ratios of biomass. As listed in Table 1, the volatile matter content 
decreased for all three biomass samples after torrefaction, most notably 
for the FlamePro sample, where it declined from 65% to 48%. Corre
spondingly, the C/H and C/O ratios, as well as the higher heating values, 
increased significantly. However, as shown in Fig. 4(a) and (b), the H2 
purity of all torrefied samples decreased markedly, with the most pro
nounced reduction observed for FlamePro, where H2 purity dropped 
from 68% to 41%. The total syngas yields also decreased substantially 
after torrefaction. This behavior can be attributed to the altered devo
latilization and char formation characteristics induced by torrefaction. 
As shown in Fig. 4(c), the rapid devolatilization stage almost completely 
disappeared for the torrefied FlamePro biomass, resulting in a much 
lower release rate of reactive gaseous species. The devolatilization stage 
typically provides superior contact between reactive gases and sorbent 
particles, facilitating rapid gas-solid reactions and more effective 
sorption-enhanced gasification. In contrast, torrefaction increases the 
fixed carbon fraction, shifting the conversion pathway toward char- 
dominated reactions. In the current batch reactor configuration, which 
lacks particle separation and recycling systems, char particles, due to 
their lower density and smaller size, are prone to elutriation before 
achieving complete conversion. Furthermore, the relatively slow ki
netics of char–sorbent interactions and steam gasification of char further 
limit overall carbon conversion efficiency. As a result, both the total 
carbon conversion and the effective CO2 sorption capacity decreased 
after torrefaction.

The torrefaction experiments indicated that SESG can directly ach
ieve H2 enrichment without relying on a torrefaction-based pretreat
ment step. A high volatile matter also benefits the syngas quality. 
Additionally, the fluidized bed configuration provides greater fuel 
flexibility, enabling the elimination of complex biomass pretreatment 
procedures. For practical applications, the implementation of a carbon 
stripper and cyclone separator would help ensure sufficient fuel particle 
residence time and improve char conversion efficiency, thereby further 
enhancing overall carbon balance and sorption-enhanced performance.

3.3. Long-term stability

As shown in Fig. 5(a), the SrMnO3 sorbents were first reduced and 
exposed to CO2, resulting in a pronounced weight gain due to CO2 up
take during the reduction stage. After switching to an oxidizing atmo
sphere, the sorbents were regenerated and released the absorbed CO2, 
leading to a significant weight loss. The cyclic weight variation clearly 
demonstrates the reversible redox-activated sorption behavior of the 
sorbent material.

Long-term stability is a critical parameter for the SESG process. Con
ventional CaO-based sorbents typically suffer from severe sintering during 
repeated carbonation-calcination cycles (Dunstan et al., 2021), which 
leads to progressive deactivation and a decline in H2 purity during 
operation. In contrast, no evident deactivation in CO2 sorption capacity 
was observed for the SrMnO3 sorbent. After several initial cycles, the CO2 
uptake stabilized at approximately 42 mol% and gradually increased to 
around 53 mol%. During the cyclic test, the maximum weight after the 
H2/CO2 reduction/carbonation stage remained nearly constant, indi
cating that the sorbent was close to CO2 saturation in each cycle (Fig. S3). 
Therefore, the apparent increase in reversible CO2 capacity from 
approximately 42 to 53 mol% was mainly caused by the larger weight loss 
during regeneration, suggesting more complete CO2 release in later 

Fig. 4. SESG performance of different torrefied biomass feedstocks in the fluidized bed: (a) total syngas yield and average gas concentrations; and (b) cold gas 
efficiency and CO2 sorption capacity; (c) reaction properties of different torrefied biomass feedstocks in the TGA.
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cycles, rather than a continuous increase in the maximum CO2 uptake. 
This improvement in reaction kinetics is likely associated with structural 
evolution of SrMnO3 during cyclic operation, which significantly differs 
from the sintering-driven deactivation observed in conventional 
CaO-based sorbents. To further evaluate the effect of ash on cyclic sta
bility, 10 wt% untorrefied pine ash was introduced into the SrMnO3 
sorbent. In practical chemical looping reactors, such a high ash-to-sorbent 
ratio is unlikely to occur with proper ash separation and solid manage
ment. Therefore, this experiment was designed as a preliminary stress test 
to examine the cyclic redox–sorption stability of SrMnO3 under a selected 
high-ash condition. The CO2 sorption capacities over nine cycles remained 
nearly constant (Fig. S4). The sorption capacity in the final cycle reached 
47 mol%, corresponding to a theoretical value of 52 mol% for the active 
sorbent phase, which was even higher than the 49 mol% observed for the 
ash-free case. These results suggest that SrMnO3 maintained stable cyclic 
behavior under the tested pine-ash condition. It should be noted that 
chemically treated waste may contain additional species, such as Cu-, 
halogen-, and preservative-derived compounds, which could interact 
differently with the sorbent and require further systematic investigation. 
These effects were beyond the scope of the present work.

As shown in Fig. 5(b), the long-term performance was further vali
dated in a batch fluidized-bed reactor. Both H2 purity and CO2 sorption 
capacity remained stable during cyclic operation, demonstrating that 
SrMnO3 enables stable isothermal SESG performance in a fluidized-bed 
configuration. The average H2 purity over the last three cycles exceeded 
70%, while the CO2 sorption capacity stabilized at approximately 
38–40 mol%. Owing to kinetic limitations, complete regeneration could 
not be achieved within the standard cycle time. Therefore, in the tenth 
cycle, the oxidation (regeneration) period was intentionally extended, 

resulting in a CO2 capacity of approximately 60 mol%, confirming the 
ability to achieve higher theoretical capacity under a more complete 
regeneration condition.

XRF analysis of the fresh and regenerated samples showed that the 
bulk composition of the regenerated sample remained nearly unchanged 
compared to the fresh sample (table S2). The detected Fe2O3 and Cr2O3 
likely originated from the reactor wall, as a 316 L stainless steel tube was 
used. This issue could be mitigated by employing more temperature- 
resistant materials (e.g., 310 S stainless steel). As shown in Fig. 6(a 
and b), the fresh SrMnO3 sample exhibited a dense microstructure with 
negligible visible porosity due to high-temperature calcination during 
synthesis. However, the sorbent developed a more roughened and 
sponge-like surface morphology after ten cycles of operation. The BET 
surface area remained nearly unchanged after cycling, increasing 
slightly from 2.40 to 2.47 m2/g. In contrast, the pore size distribution of 
the cycled SrMnO3 sample revealed the emergence of a dominant 
micropore population centered at approximately 1.25 nm, which was 
absent in the fresh sample (Fig. S5). The repeated absorption and release 
of CO2 induced structural evolution, generating a more open framework 
that likely contributed to the enhanced reaction kinetics observed in 
later cycles. SEM-EDS analysis further revealed uniform elemental dis
tribution in both fresh and spent samples, with no detectable elemental 
segregation. As shown in Fig. 6(c and d), XRD analysis showed that the 
SrMnO3 phase remained dominant in the regenerated samples, with only 
minor amounts of SrCO3, MnO2, and Sr3MnO7 detected. It is expected 
that a longer regeneration time could further promote CO2 release and 
enable more complete recovery of the SrMnO3 phase. These results 
indicate robust chemical and structural stability of SrMnO3 during 
prolonged redox–sorption cycling.

Fig. 5. Long-term stability of SrMnO3 sorbents for SESG of untorrefied pine: (a) performance evaluated using a TGA; and (b) performance tested in a batch fluidized- 
bed reactor (the red star in the final cycle indicates a more complete regeneration condition with an extended regeneration time).

Fig. 6. SEM–EDS images of SrMnO3 sorbents, including (a) fresh and (b) regenerated samples after long-term fluidized-bed operation; corresponding XRD patterns 
are shown in (c) and (d).
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3.4. Simulation of gasifier performance

As listed in Table 2, the indirect steam gasifier (base case), consisting 
of a gasification step and a char combustion step, was net exothermic 
with a heat release of − 3.09 MW. Here, negative heat-demand values 
denote net heat release from the system (i.e., recoverable surplus heat 
available for integration with downstream operations or steam genera
tion), while positive values denote a net heat input requirement. The 
feedstock preheating duties, including steam preheating from 150 ◦C to 
600 ◦C and air preheating from 25 ◦C to 600 ◦C, required 2.39 MW and 
1.11 MW, respectively. Here, we assumed that the downstream opera
tions such as a methanation or methanol synthesis step generated 
enough low-grade heat to produce steam at 150 ◦C. In addition, heat 
recovery from the syngas product and flue gas streams amounted to 
− 5.28 MW and − 3.86 MW, respectively, when cooled to 150 ◦C, 
resulting in − 8.71 MW surplus for heat integration.

Moreover, two cases were considered for SESG. In the first case, the 
overall syngas yields from all five pulses were taken into consideration. 
In the second case, the syngas yields from four pulses, i.e., pulses 2–5, 
were used to determine gasifier performance when partial sorbent 
regeneration was implemented in a CFB-based SESG. In the 5-pulse case, 
the gasifier-regenerator pair heat demand was net exothermic with a 
release of − 3.60 MWth, as both steam for gasifier and air for regenerator 
were preheated to 600 ◦C. The feedstock preheating duties, including 
steam preheating from 150 ◦C to 600 ◦C and air preheating from 25 ◦C to 
600 ◦C, required 3.57 MW and 3.13 MW, respectively. Heat recovery 
from the syngas and CO2-containing stream and the regenerator flue gas 
stream amounted to − 10.71 MW and − 3.96 MW, respectively, when 
cooled to 150 ◦C, resulting in − 11.57 MW available for heat incorpo
ration. Conversely, the four-pulse scenario demonstrated that while the 
heat-balance framework remained similar, overall heat availability for 
integration decreased significantly to − 4.58 MW. In this case, the 
gasifier-regenerator system transitioned to endothermic operation 
because of reduced oxygen consumption, modeled to mimic partial 
oxidation.

Comparative performance analysis based on raw experimental data 
from the unoptimized lab-scale fluidized bed revealed that the SESG 
process (five-pulse case) achieved a cold gas efficiency of 72.4%, com
parable to the 73% efficiency of indirect steam gasification. However, 
the SESG configuration realized a hydrogen mass yield approximately 
4.8 times higher. Partial sorbent regeneration in the CFB reactor (four- 
pulse case) further demonstrated the process optimization potential, 
indicating achievable cold gas efficiencies of 85.8% alongside a 5.9-fold 
increase in hydrogen mass yield compared to base case. Furthermore, 
the resulting syngas composition is demonstrably superior for down
stream catalytic conversion into high-value chemical feedstocks or fuels, 
such as methane, methanol, and Fischer-Tropsch liquids. For a down
stream methanol or Fischer–Tropsch synthesis target (H2/CO ≈ 2), the 
indirect gasification pathway requires a dedicated water-gas-shift step, 
downstream CO2 removal (typically amine or Selexol), and tar- 
reforming capacity. The SESG syngas already exceeds the target H2/ 
CO ratio and contains substantially less CO2 and heavy hydrocarbons, so 
the WGS reactor can be eliminated, the CO2-removal duty is reduced on 
a per-kg-H2 basis, and tar reformer sizing is minimized. The economic 
consequences of these benefits are quantified in our recent TEA study 
(Garcia-Vallejo et al., 2025).

4. Conclusions

This study comprehensively investigated the performance of SrMnO3 
redox-activated CO2 sorbents for producing hydrogen-rich syngas in a 
fluidized bed for isothermal SESG of biomass. SrMnO3 sorbents exhibi
ted excellent fuel flexibility with all four untorrefied biomass producing 
over 60% pure H2 and H2/CO ratios above 4. Among these fuels, un
treated pine achieved the highest H2 purity up to 73%, followed by 
CuAz, FlamePro, and Creosote. Near ideal cold gas efficiencies 

(CGE ≈ 100%) were obtained for pine, CuAz, and creosote from the 
externally heated lab-scale fluidized bed, whereas FlamePro showed a 
lower CGE (~68%) due to its low volatile content and high fixed carbon 
fraction. Even though torrefaction pretreatment is commonly used to 
improve biomass fuel properties, the suppressed devolatilization and 
high char formation led to a reduced H2 purity by 10~20%. These re
sults also indicate that SESG can directly achieve hydrogen enrichment 
without the need for complex biomass pretreatment. Additionally, the 
SrMnO3 sorbent exhibited excellent cyclic stability, with CO2 sorption 
capacity stabilizing at 53 mol% in TGA without noticeable deactivation. 
Structural characterization by XRD, SEM-EDS, and XRF further 
confirmed its robust chemical and structural stability during prolonged 
cyclic operation. Consistent performance was also observed in fluidized- 
bed operation, where H2 purity remained above 70% with stable CO2 
capacity above 38%. Process simulation showed that SESG significantly 
improved syngas quality, increasing H2 content from 24% in the indirect 
biomass gasification to 68%, along with an increase in CGE from 73% to 
86% under optimized conditions. Despite comparable heat demand, the 
improved syngas composition reduces downstream conditioning re
quirements, enabling a more integrated and efficient process. Overall, 
SrMnO3 is a promising and robust sorbent for efficient and flexible 
biomass-to-hydrogen conversion under isothermal SESG conditions. 
Future work will focus on reactor scale-up to further validate the per
formance of SrMnO3 and other redox-activated sorbents under practical 
operating conditions.
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Table 2 
Comparison of key performance metrics between conventional indirect steam 
gasification and SESG of biomass based on Aspen Plus modeling.

Item Base case (indirect steam 
gasification)

SESG cases

5 pulses 4 pulses

Net pair heat demanda

(MWth)
− 3.07 − 3.60 3.09

Net heat demand (MWth) − 8.71 − 11.57 − 4.58
Product performance 

(CGE)
73% 72.35% 85.80%

Syngas molar 
fraction

H2 0.242 0.61 0.68
CO 0.234 0.17 0.15
CO2 0.278 0.19 0.12
CH4 0.125 0.04 0.04
C10H8 0.003 n.r. n.r.
C2H6 0.061 n.r. n.r.
C2H4 0.004 n.r. n.r.
C3H8 0.048 n.r. n.r.
C6H6 0.001 n.r. n.r.

Note.
a Net pair heat demand refers to the net heat demand of the gasifier- 

regenerator pair (SESG cases) or the gasifier-combustor pair (base case). CGE 
= cold gas efficiency. n. r. = not reported (species not formed in significant 
amounts under SESG conditions).
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