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Fig.1 Schematic diagram of the process principles for hy-
drogen production via catalytic biomass gasification
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Fig. 2 Schematic illustration of the evolution of biomass gasification catalysts
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Tab.1 Representative materials of different catalyst types and their advantages and disadvantages

AR RFEk R B A g R Al
. e VUEVPERS TEBRSOR DA AR SR RER
L5 o 0 e g 1 K.Na SN SRR BFLEER A R e BT SCHR[11,33-34]
AR RIRIILA NioFe.Co e t“ﬁ‘@ﬁ%’fgm’g‘z"m‘ SR SHR[35-36]
$4 R AR Pt.Pd.Rh EMALE A E AR BV SRR TS SCR[37-38)
W RIMEH  NiFoCoCeLa THIFEMAMIE o pmpeprprins AMBBELA  SOHRB9-40)
34 R
o E1 20 A e b e bR i 28
FIRT WAL phibjulr H—E AT R W W s CH41-43]
- FR LR TR e LTSRS N
Vil il ZSM-5 HZSM-5 " fzﬁx& Bk D8/ I A ﬁgjﬁf =, SCiik[44-46]
SRR CeO,.La0, MgO  FRUUkfr7Ekt B AR E P TR REEIE  SCHkE7)
Ni/CaO Ni-Fe/  MRALEH+FRICO, SRR H IRBUME IS WRBRIE SRR b2 .
AL TR oo e Lk ilgrighonis ik[48-51]
e o ATEERERS RAME TR, ML Ak .
BRI RS SRR R, 2 T hiatium f o SCHR[S2]
PR N R ERAL SR AR A R AL KRR AR EEAR I N #%  Z R RER & S g LA A IR R 5L
TR I~ A o 47 5 Lo i BRI RV R 2 51 A BN SN A 0 & R i R LY AR o AR R B IR a1 3 i
oo ~ T o TP 3 TN I S B B SR ]
3 RNBLEMSHIEEK \ e e .
A 1) o AR AR 5 T RE AR LA I R Ak L FE AN [R] S

WG A=) AL AL ST R et ik, Sy R DK SE B AR AL AT R DL B S I E
itz B — RO R Z I RERE G DL R G ISRl A R A% B Bk A T U Rl 4 BERE AR R AL
JRT ) K o AR TR ZRBOR 3 T RO A . 28R, RIS 45 i

A AL A B A A A T
L S B A AR R G AL >

[ zmomems ) [ mmksssw |
-

~
4--§
[ AT A fi# Gk ]
P -~
.- - ey
<SRBT, BRERAE % Ny .
38 TS AHLIRR ST 1 - « S AT - 3 B I 'Jﬁéﬁimmarmﬁ:
: - RSB S| | TR R, S RGEE
D] TR A ARG | | BHE R BB B T A
AL TTIRE AT B A5EE o JRA ) 5 0 B0 A T A e * AR 55 0 BRI A R A
s ) \mmzmson ) Combeemaastigeg ) (URREEREEUNER

E3 SYRECSEFISRERENERIERLEENRTREE
Fig.3 Schematic illustration of the evolution of reactor configurations and process-intensification pathways for catalytic
biomass gasification to hydrogen production
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Tab.2 Quantitative comparison of key performance indicators in recent representative studies on catalytic biomass

gasification
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Abstract:

Significance Catalytic biomass gasification for hydrogen-rich syngas production is considered a promising process for replacing conventional

high-temperature conversion with an integrated process involving catalytic reforming, in situ carbon dioxide capture, mineral-assisted conversion,



178 TRER2ESH AR 55 58 4

and reactor-level intensification. Its significance lies in converting renewable carbon-containing feedstocks into hydrogen-rich syngas that can be
used in fuel cells, methanol synthesis, ammonia production, and other downstream chemical processes. However, biomass gasification involves
pyrolysis, char gasification, tar cracking, steam reforming, the water-gas shift reaction, and gas-solid transport. These reactions and transport pro-
cesses are strongly coupled; however, their preferred temperatures, residence times, and atmospheres often differ. Therefore, achieving a high hy-
drogen concentration, low tar content, high carbon conversion, and stable long-term operation simultaneously remains challenging.

Recent research shifts from simple gas-composition improvement toward the coordinated regulation of reaction kinetics, thermodynamic

equilibrium, catalyst stability, reactor structure, and system energy efficiency. Hydrogen-rich gas production cannot be evaluated solely based on
the hydrogen volume fraction because this value is affected by gasifying agents, nitrogen dilution, carbon dioxide capture, and gas yield. Hydro-
gen yield, total gas yield, hydrogen-to-carbon monoxide ratio, carbon conversion efficiency, cold gas efficiency, tar concentration, auxiliary en-
ergy demand, and operational stability are also required to assess the applicability of a gasification route. This review focuses on catalyst systems,
sorption-enhanced gasification, reactor configurations, tar control, and engineering barriers, with an emphasis on the evolution from single active-
site promotion to multilevel process regulation.
Progress Transition metal catalysts were widely utilized to enhance tar cracking, steam reforming, and hydrogen formation. Nickel-based cata-
lysts remained the representative system because Ni promoted C—C bond cleavage and reforming reactions. However, carbon deposition, metal
sintering, and poisoning by sulfur, chlorine, and ash-derived species caused activity decay at high temperatures. Catalyst design therefore ex-
tended from monometallic Ni to bimetallic and multimetallic systems, such as Ni—Fe, Ni—Co, Ni—Ce, and Ni—La catalyst systems. These systems
improved metal dispersion and resistance to coking or sintering, but they also increased preparation complexity and cost. Therefore, catalyst
evaluation included activity, lifetime, regeneration behavior, and tolerance to biomass-derived impurities.

Dual-function catalytic-sorption systems represented another important direction. Carbon dioxide was captured in situ, which shifted the
water-gas shift reaction toward hydrogen formation by integrating reforming-active metals with calcium oxide-based carbon dioxide sorbents.
This process increased the hydrogen concentration and the hydrogen-to-carbon monoxide ratio. Calcined shells, limestone, dolomite, and other
calcium-containing wastes were also used as low-cost sorbents or catalyst supports. However, the engineering value of sorption-enhanced gasifi-
cation depended on sorbent cyclic stability, carbonation-calcination decay, sintering, ash coverage, regeneration energy, and solid circulation.
Thus, the high hydrogen concentration obtained with fresh sorbents required cautious interpretation.

Low-cost mineral additives and intrinsic biomass ash minerals were also investigated. Alkali and alkaline earth metal species, including po-
tassium, sodium, calcium, and magnesium, raised char gasification, tar reforming, and the water-gas shift reaction. Herbaceous and marine bio-
mass often contained these species and showed potential for self-catalytic gasification. Studies on high-silica herbaceous biomass and seaweed-
derived chars showed that seaweed char, calcined shell, sodium carbonate, and potassium carbonate effectively enhanced hydrogen production
and reduced tar formation. However, this effect was governed by mineral speciation, chlorine removal, silicon interaction, and the availability of
active mineral species rather than total ash content. In high-silica systems, silicate or aluminosilicate formation also induced agglomeration, sag-
ging, or deterioration of fluidization.

Reactor configuration evolved from single-bed systems to staged, multi-bed, and circulating systems. Fixed-bed and fluidized-bed reactors
were widely used for mechanism analysis and catalyst screening, but pyrolysis, char gasification, tar conversion, and reforming also occurred
within the same zone, which made independent optimization difficult. Staged or two-stage reactors separated biomass pyrolysis from gasification
or reforming, allowing volatile release, char formation, tar cracking, and char gasification to occur under more suitable conditions. In the reported
two-stage systems, dry gas yield and carbon conversion efficiency increased, accompanied by a substantial reduction in tar content, which indi-
cated that volatile-char co-conversion improved gas quality even without external catalysts.

Multi-bed and circulating systems further coupled gasification, catalytic reforming, carbon dioxide capture, chemical looping, and heat circu-

lation. In dual fluidized-bed systems, bed materials circulated between gasification and combustion zones, which transferred heat and sustained
continuous operation. Pilot- and industrial-scale studies showed that stable, low-tar syngas production was technically achievable. Some two-
stage fluidized-bed systems reduced tar concentrations to below 0.1 g/Nm3, while chemical looping gasification also showed potential for high
char conversion and suppression of tar generation. However, these advantages were accompanied by greater system complexity, increased pres-
sure drop, stricter heat-balance requirements, particle attrition, bed material deactivation, and more difficult process control.
Conclusions and Prospects Catalytic biomass gasification for hydrogen-rich syngas production has evolved into a multilevel intensified process.
Catalyst development has improved tar reforming and gas composition regulation; sorption-enhanced systems have strengthened thermodynamic
equilibrium control; mineral-assisted pathways have provided low-cost enhancement options; and staged or circulating reactors have demon-
strated the potential to enable spatial decoupling and system integration. These advances indicate that efficient hydrogen-rich gas production de-
pends on the coordinated regulation of catalytic activity, carbon dioxide capture, char conversion, tar reforming, heat transfer, and reactor
configuration.

However, the primary limitation in this field has shifted from improving activity to ensuring practical reliability. A high hydrogen concentra-
tion obtained under specific laboratory conditions does not necessarily indicate a high hydrogen yield, high energy efficiency, or long-term feasi-
bility in an industrial process. Future studies should adopt a more transparent evaluation framework oriented toward large-scale applications. Hy-
drogen concentration should be reported together with hydrogen yield, total gas yield, hydrogen-to-carbon monoxide ratio, carbon conversion effi-
ciency, cold gas efficiency, tar concentration, gas basis, operating duration, and system boundary. For sorption-enhanced and multistage systems,

regeneration energy, auxiliary power consumption, solid circulation behavior, and heat integration should also be considered.
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For reactor development, future studies should avoid excessive functional stacking. Staged, multi-bed, and circulating systems should be op-

timized by balancing process intensification with structural simplification, thermal matching, pressure drop control, solid transport stability, and

maintenance requirements. System-level evaluations should integrate process simulation, heat-integration analysis, life-cycle assessment, techno-

economic analysis, and experimental validation. Syngas composition should also be matched to downstream applications, including fuel cells,
methanol, and ammonia synthesis. When material stability, reactor reliability, feedstock adaptability, energy efficiency, and economic perfor-

mance are jointly improved, catalytic biomass gasification will be better positioned for engineering demonstrations and large-scale hydrogen-rich

syngas production.

Key words: biomass; steam gasification; catalytic gasification; fluidized bed gasifier; fixed bed gasifier; two-stage gasification; decoupling gasifi-

cation; H,-rich syngas
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