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Abstract: China has abundant biomass and renewable energy resources suitable for pro-
ducing green methanol via biomass thermochemical conversion. Given China’s increasing
demand for sustainable fuel alternatives and the urgency to reduce carbon emissions,
optimizing biomass utilization through gasification is critical. Research has highlighted the
potential of integrating biomass gasification with water electrolysis to enhance efficiency in
green methanol production, leveraging China’s vast biomass reserves to establish a cleaner
energy pathway. Four main biomass gasification technologies—fixed-bed, fluidized-bed,
pressurized fluidized-bed, and entrained-flow—have been investigated. Fixed-bed and
bubbling fluidized-bed gasification face low gas yield and scaling issues; whereas, cir-
culating fluidized-bed gasification (CFB) offers better gas yield, carbon efficiency, and
scalability, though it exhibits high tar and methane in syngas. Pressurized fluidized-bed
gasification improves gasification intensity, reaction rate, and equipment footprint, yet
stable feedstock delivery under pressure remains challenging. Entrained-flow gasification
achieves high carbon conversion and low tar but requires finely crushed biomass, restricted
by biomass’ low combustion temperature and fibrous nature. Current industrially promis-
ing routes include oxygen-enriched and steam-based CFB gasification with tar cracking,
which reduces tar but requires significant energy and investment; oxygen-enriched com-
bustion to produce CO; for methanol synthesis, though oxygen in flue gas can poison
catalysts; and a new high oxygen equivalence ratio CFB gasification technology proposed
here, which lowers tar formation and effectively removes oxygen from syngas, thereby en-
abling efficient green methanol production. Overcoming feedstock challenges, optimizing
operating conditions, and controlling tar and catalyst poisoning remain key hurdles for
large-scale commercialization.

Keywords: biomass thermochemical conversion; biomass gasification; circulating fluidized
bed; oxy-combustion; green methanol; pressurized fluidized-bed gasification; syngas;
carbon neutrality; renewable energy; sustainable energy transition

1. Introduction

Biomass resources are organic materials accumulated through photosynthesis, includ-
ing agricultural residues, forestry residues, municipal solid waste, and livestock manure [1].
According to recent studies, the global annual production potential of biomass is estimated
to be approximately 1 to 1.4 billion tons of oil equivalent (toe) [2], with agricultural biomass
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accounting for over 50% [3]. Due to its vast agricultural sector, China is one of the richest
countries in biomass resources, producing approximately 900 million tons annually [4].
China’s biomass reserves are a crucial component in addressing global climate challenges,
as they serve as a carbon storage carrier. Biomass growth is the most efficient and natural
method for capturing and storing CO, from the atmosphere, making it an essential tool for
CO, mitigation.

Furthermore, the development of high-energy biomass chains should focus exclu-
sively on utilizing surplus biomass to prevent competition with food, feed, and fiber
resources, while ensuring sustainability in energy production [5]. Surplus biomass, defined
as biomass beyond the requirements for food, feed, and fiber, is estimated to account for
300—400 million tons annually, offering substantial opportunities for energy conversion and
fossil fuel replacement [6]. This surplus biomass has the potential to offset approximately
10-15% of China’s annual fossil fuel consumption [7]. The geographical distribution of
surplus biomass resources is primarily concentrated in key agricultural provinces such as
Heilongjiang, Henan, and Shandong, where collection systems and supply chain networks
are being developed to support its integration into the energy system [8]. Biomass resources
are not only widely available but also exhibit significant carbon reduction potential. Life
cycle assessments (LCA) indicate that biomass fuels can reduce carbon emissions by ap-
proximately 70-90% compared to conventional fossil fuels [9]. Therefore, utilizing these
resources for energy conversion can not only alleviate the depletion of fossil fuels but also
reduce greenhouse gas emissions. As a result, biomass resources are indeed a crucial pillar
for achieving a sustainable energy transition [10].

In addition, China possesses abundant green electricity resources, particularly in
wind and solar energy. According to data from the National Energy Administration of
China, by the end of 2022, China’s installed capacity for wind and solar power generation
reached approximately 340 GW and 320 GW, respectively, ranking among the highest
globally [11]. These green electricity resources provide sustainable power support for the
efficient conversion of biomass energy, further reducing carbon emissions and improving
energy utilization efficiency [12]. As China vigorously advances its carbon peaking and
carbon neutrality goals, leveraging the synergistic effects of biomass and green electricity
resources will become a critical direction for future energy transition [13].

With the adoption of the 2023 IMO Greenhouse Gas Reduction Strategy by the In-
ternational Maritime Organization and the inclusion of the shipping industry in the EU
Emissions Trading System, along with a series of international policies, green methanol
has become the core choice for decarbonizing the shipping industry [14]. At the same time,
international shipping giants, led by Maersk, have successively implemented strategies for
fuel greening, making methanol-fueled ships the mainstream alternative for fuel-powered
vessels, which has greatly driven the demand and development of green methanol [15].

In summary, China has unique advantages in its endowment of green electricity
and biomass resources. The production of green methanol via biomass syngas not only
addresses the challenge of the large-scale consumption of fluctuating green electricity but
also realizes the resource utilization of biomass. A schematic diagram of this process is
shown in Figure 1 [16]. Syngas produced by thermochemical conversion is hydrogenated
and reformed to synthesize green methanol [17].

However, hydrogen storage and transportation pose significant safety risks. Hydrogen
is highly flammable, and its low density requires storage at high pressures or cryogenic
temperatures, which increases technical challenges and hazards. To mitigate these issues,
on-site hydrogen production through water electrolysis powered by abundant green elec-
tricity is proposed as an alternative. This approach eliminates the need for large-scale
hydrogen storage and transportation, while directly supplying the hydrogen required for
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green methanol synthesis. The availability of renewable electricity in China supports this
strategy, ensuring that hydrogen is produced and utilized locally, improving system safety
and efficiency [18].
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Figure 1. Schematic diagram of the biomass-to-green methanol production process.

At present, the preparation of green methanol has not been industrialized due to vari-
ous technical barriers. Thermochemical conversion processes, including gasification and
oxygen-enriched combustion, face critical challenges, such as high syngas cleaning costs, tar
formation, and inconsistent feedstock supply, which hinder large-scale implementation [19].
Summarizing the existing research, the main technological paths of biomass-based thermal
conversion are as follows: 1. Biomass gasification technology, which converts biomass
into syngas with CO/H,/CO, as the main component and synthesizes methanol with
hydrogen produced by green power. 2. Oxygen-enriched combustion technology, which
uses pure oxygen and flue gas recirculation instead of air as the combustion medium, and
the main component of flue gas is changed from Nj to CO,/CO, which can be synthesized
with hydrogen produced by green electricity. 3. This paper innovatively proposes a new
process of “methanol syngas preparation by the thermal conversion of biomass with a high
oxygen—equivalent ratio”, which realizes that the original content of syngas tar can meet
the requirements of the methanol synthesis process in the latter sequence. One of the major
barriers is the production of high-quality syngas, as existing thermochemical processes
struggle with effective tar removal and catalytic poisoning, necessitating advanced gas
cleaning and reactor optimization [20].

Currently, nearly 30 projects for green methanol production through biomass ther-
mochemical conversion have been approved in China [21]. However, there is still a lack
of comparative studies on biomass gasification, oxygen-enriched combustion, and high
oxygen equivalence ratio conversion, limiting the ability to identify the optimal industrial
pathway. To expedite the industrial application of biomass thermochemical conversion tech-
nologies necessary for green methanol production, this study categorizes these technologies
into three major types: biomass gasification, oxygen-enriched biomass combustion, and
biomass thermochemical conversion under high oxygen equivalence ratio conditions—a
technology that lies between combustion and gasification. This paper provides a detailed
review of the current research status of each technology, analyzes their technical bottlenecks,
and highlights the outstanding advantages of “biomass thermochemical conversion under
high oxygen equivalence ratio conditions” in controlling tar. The findings aim to inform the
selection of industrial application pathways and serve as a reference for related research.
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2. Biomass Gasification
2.1. Principles of Biomass Gasification

The biomass gasification process is an efficient thermochemical processing technology,
the core of which is to convert the combustible components of biomass into combustible
gases through a series of chemical reactions under high-temperature conditions. In the
biomass gasification process, oxygen (in the form of air, enriched oxygen, or industrial-
grade pure oxygen) or steam is typically used as the gasifying agent [22], enabling the
conversion of biomass into syngas under high-temperature or high-pressure conditions.
The gasification process consists of four main steps, as shown in Figure 2. First, the moisture
in the biomass evaporates upon heating (drying); subsequently, the biomass undergoes
thermal decomposition reactions, producing large amounts of volatile matter and char
(pyrolysis) [23]. These volatile substances and char are then further combusted in the
gasifier (oxidation) [24]. Finally, the residual char reacts with the gasifying agent to produce
crude syngas primarily composed of carbon monoxide (CO), hydrogen (H;), and methane
(CHy) (reduction) [25]. This sequence of processes not only enables the efficient conversion
of biomass energy into combustible gases but also allows these gases to be further converted
into high-value-added chemical products, such as methanol, through subsequent synthesis
reactions [26].
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Figure 2. Diagram of biomass gasification principles.

2.2. Classification of Gasifiers

Biomass gasification is a key method for the energy utilization of biomass, with the
process taking place within a gasifier. Therefore, the choice of gasification technology
significantly affects the quality of the produced syngas [27]. Based on the type of bed
configuration or fuel movement within the gasifier, gasifiers can be classified into the
following categories: Fixed-bed gasifiers, which are highly suitable for uniform biomass
feedstocks and feature simpler designs, though they may have limited throughput [28].
Entrained-flow gasifiers, which guide gas through the combustion zone to produce cleaner
gas [29]. Fluidized-bed gasifiers, which offer higher efficiency and greater fuel flexibility
but require more complex designs [30].

2.2.1. Fixed-Bed Gasifiers

Fixed-bed gasifiers are one of the most traditional and mature types of gasification
technology. The reactions proceed sequentially in a relatively stationary bed, encompassing
four key processes: drying, pyrolysis, oxidation, and reduction, thereby converting solid
biomass feedstock into combustible gas [30]. Based on the position of the gasifying agent



Biomass 2025, 5, 13

50f17

input and the direction of fuel layer penetration, fixed-bed gasifiers can be categorized
into three main structural types: updraft, downdraft, and cross-draft gasifiers, as shown
in Figure 3 [31]. In updraft gasifiers, the gasifying agent is introduced from the bottom
of the reactor, and the gas flows upward through the fuel bed. The bed is stratified from
top to bottom into distinct layers: the drying layer (A), pyrolysis layer (B), reduction layer
(C), and oxidation layer (D). Gasification reactions are completed progressively within
these layers, and the resulting combustible gas exits from the top. Since the combustion
zone is located at the bottom of the reactor, with biomass fed from the top, this design
features good fuel adaptability, thorough reactions, and a low syngas outlet temperature
(200-300 °C), effectively enhancing thermal efficiency. However, the close proximity of
the biomass feed points, and syngas outlet results in high dust content in the syngas, as
well as the carryover of moisture generated in the drying zone, which does not fully react
before being discharged. Additionally, the relatively low outlet temperature leads to a high
tar content in the syngas [32]. In downdraft gasifiers, the gasifying agent is introduced
downward, and the corresponding combustion zone is located in the middle of the reactor,
while the syngas outlet is situated at the bottom. Due to its proximity to the combustion
zone, the gas outlet temperature is higher, typically ranging from 900 to 1000 °C. This
effectively reduces the tar content in the syngas, but the higher syngas outlet temperature
also decreases the thermal efficiency of the gasification system [33]. In cross-draft gasifiers,
the gasifying agent enters from one side of the reactor and flows horizontally through the
fuel bed, with the syngas exiting from the opposite side. Since the combustion zone is
close to the syngas outlet, the syngas temperature is relatively high (800-900 °C), which
helps reduce the tar content [34]. However, the proximity of the gasifying agent inlet to the
syngas outlet results in a shorter biomass residence time within the reactor, leading to a
lower carbon conversion efficiency, thereby limiting its industrial application potential.

Biomass Biomass Biomass
1 1 1 1 1 1
h Al 4 YoV vy
Product gas
Dry Zone Dry Zone
Pyrolysis Zone Pyrolysis Zone A
Air e Product gas
Air =z urning 7
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a) Top suction :
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Figure 3. Structural diagram of fixed-bed gasifiers [35].

Overall, the structural design of different types of fixed-bed gasifiers directly influ-
ences the carbon conversion efficiency, tar and dust content, and the quality of syngas,
each presenting specific advantages and disadvantages. However, for fixed-bed gasifiers,
maintaining a relatively stationary bed layer constrains the flow rate of the gasifying agent,
thereby limiting industrial scalability. Additionally, the relatively stationary bed leads to
slow gas—solid reaction rates and low gas production rates. These drawbacks restrict the
large-scale application of fixed-bed biomass gasification technology [35].

2.2.2. Entrained-Flow Gasifiers

The entrained-flow gasifier employs pneumatic conveying to carry powdered solid
fuel (particle size of 0.1-1 mm) and gasifying agents into the gasifier in a co-current
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manner, as illustrated in Figure 4. Under high-temperature (1300-1500 °C) and high-
pressure (25-30 bar) conditions, rapid gasification reactions occur within the entrained-flow
gasifier, converting fuel and gasifying agents into syngas, which is discharged through
the side outlet, while residual materials, such as slag, are removed from the bottom of the
reactor [36].

Due to the high reaction temperatures, the entrained-flow gasifier exhibits significant
advantages, including high carbon conversion efficiency and extremely low tar concen-
trations in the syngas. As a result, this technology has been widely adopted in the coal
gasification sector [37]. However, for biomass, particularly agricultural straw containing
a large proportion of fibers, it is challenging to mill the material to meet the particle size
requirements for entrained-flow gasifiers [38].

Moreover, since the theoretical combustion temperature of biomass is significantly
lower than that of coal, entrained-flow gasifiers cannot achieve the melting temperature
required for ash vitrification [32]. These issues represent the core bottlenecks for the
application of biomass entrained-flow gasification technology [39].

Fuel

=
=

Gasifying
Agent

Syngas

Residual
Material

Figure 4. Schematic diagram of entrained-flow gasifiers [40].

2.2.3. Fluidized-Bed Gasifiers

The fluidized-bed gasifier, as an important gasification technology, introduces gasi-
fying agents into the reactor from the bottom through a distributor using a blower. This
creates a “bubbling” state for combustion and gasification reactions, resulting in rapid reac-
tion rates [34]. Based on the reactor structure and gasification process, typical fluidized-bed
gasifiers are categorized into bubbling fluidized beds (Figure 5) and circulating fluidized
beds (Figure 6). Fluidized-bed gasifiers are widely recognized for their excellent mass and
heat transfer capabilities, achieving significantly higher gas production rates compared
to bubbling beds. For the same biomass processing capacity, the gas production rate of
bubbling fluidized-bed gasifiers is four times that of fixed-bed gasifiers, while circulating
fluidized beds achieve ten times the gas production of fixed beds. This notable advantage
has garnered extensive attention for fluidized-bed gasification technology in the biomass
gasification sector.
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Figure 5. Schematic diagram of bubbling fluidized-bed gasifiers.
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Figure 6. Schematic diagram of fluidized-bed gasification.

However, bubbling fluidized-bed gasifiers are constrained by low fluidization veloci-
ties, and similar to fixed-bed gasifiers, they exhibit disadvantages during industrial-scale
syngas production. In contrast, circulating fluidized-bed gasifiers, with their intense gas—
solid heat and mass transfer and higher fluidization velocities, demonstrate outstanding
advantages in terms of carbon conversion efficiency and scalability, making them a focus of
academic and industrial research in recent years [41].

Nevertheless, due to the relatively low reaction temperatures in fluidized-bed gasifiers,
the high tar content in syngas remains a critical bottleneck for the application of this
gasification technology [42].

2.2.4. Pressurized Fluidized-Bed Gasification

Building on the advantages of fluidized beds in biomass gasification and drawing in-
spiration from entrained-flow gasifiers in coal gasification, some researchers have proposed
the concept of pressurized fluidized-bed gasification, primarily based on the following
considerations: (1) One of the key performance indicators for evaluating the economic
feasibility of gasification is gasification intensity, defined as the gas production rate per
unit cross-sectional area of the gasifier. Increasing the pressure of the gasification pro-
cess enhances gasification intensity, enabling a more compact equipment layout, better
industrial scalability, and improved economic viability. (2) The thermal conversion of
biomass needs to be aligned with the methanol synthesis process, which operates un-
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der high pressure. Pressurizing the gasification process can reduce system energy losses.
(3) Under pressurized conditions, the gas concentration on the surface of biomass particles
increases, improving the microscale contact between gases and the biomass surface, thereby
promoting the gasification reaction.

The primary challenge of pressurized fluidized-bed gasification is the alteration of
gas—solid flow characteristics within the reactor, which significantly impacts the gasification
reactions. Wang Haigang and colleagues conducted studies on the gas—solid flow prop-
erties in pressurized fluidized beds [35]. They found that, as reactor pressure increased,
gas density and gas—solid interphase forces were significantly enhanced, which affected
particle movement, the distribution within the bed, and the dynamic behavior of agglomer-
ates. With increasing operational pressure, bubble fragmentation intensifies, bubble size
decreases, but their number increases, leading to the improved uniformity of the gas—solid
flow and a certain degree of enhancement in particle mixing rates.

In pressurized circulating fluidized beds, particle concentration exhibits axial and
radial non-uniform distributions, characterized by higher concentrations at the bottom
and near the walls and lower concentrations at the top and center (Figures 7 and 8). It is
found that particle circulation flux increases with the pressure increase, which means more
entrained particles participate into the circulation, and therefore, the fluidization process is
enhanced. (Figure 9).
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Figure 7. Axial distribution of particle volume fraction in the riser.

Although researchers have revealed the gas—solid flow characteristics of pressurized
circulating fluidized beds, providing targeted insights for the development of biomass
gasification technologies, significant challenges remain. Pressurized biomass gasification
systems must be equipped with pressurized fuel feeding systems, which represent the
greatest hurdle for pressurized gasification. Additionally, the lack of design experience
with pressurized fluidized beds is a major bottleneck for industrial applications.

In Europe, due to its resource endowment characteristics, research on biomass pres-
surized gasification began in the 1980s. However, to date, large-scale application has yet
to be achieved. One of the core bottlenecks remains the challenge of fuel feeding under
pressurized conditions.
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2.2.5. Biomass Pure Oxygen Circulating Fluidized-Bed Gasification

Tsinghua University, in collaboration with Harbin Boiler Company Limited, has
developed a biomass pure oxygen gasification technology using O, + H,O + CO; as
the gasifying agents and fluidizing media. Compared to air gasification, this approach
significantly reduces the nitrogen content in the gasification products, enabling the flexible
adjustment of syngas composition through water—gas shift technology, making it one of
the main directions for the advancement of biomass gasification technology. The system
process in conjunction with the subsequent methanol synthesis procedure is illustrated
in Figure 10.

Biomass undergoes gasification reactions in a circulating fluidized bed, with the gasi-
fying agents consisting of O, produced via water electrolysis powered by green electricity,
steam, and CO; separated from syngas reforming and shift reactions. Since the fluidized
bed gasification temperature is relatively low (approximately 800 °C), the syngas contains
tar. To ensure the longevity of the subsequent methanol synthesis catalyst, the syngas
undergoes partial oxidation at 1200 °C to achieve thermal cracking of the tar. After re-
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moving the tar and methane, the syngas is subjected to waste heat recovery to reduce its
temperature to below 180 °C, followed by flue gas purification and further cooling to 40 °C.
The syngas then undergoes reforming and water—gas shift reactions, with the effective gas
components directed toward methanol synthesis.

20T Pyrolytic |800C Partial 1200C | YWaste-heat | 180T Clean | 40T
gasification oxidation utilization flue gas

Reforming |—>{ Available gas

Mix

ture | [ co

I
| Womeowr

Figure 10. Simplified diagram of the biomass pure oxygen gasification-to-methanol process.

Harbin Boiler Company Limited developed the pure oxygen gasification scheme, as
illustrated in Figure 11. In the gasifier layout, the partial oxidation reactor and waste heat
boiler are arranged in series, supported by a single steel structure, and equipped with
a cyclone dust collector (dual cyclones) to reduce particulate content. A micro-positive-
pressure auxiliary system (including bed material addition, bottom ash cooling, and dust
collector ash cooling systems) is also included.

o—=c—0

Figure 11. Layout diagram of the pure oxygen biomass gasifier 40 t/h.

Due to the high alkali metal content in biomass ash, the flue gas carries molten ash
particles, which can accumulate on the heating surfaces of the waste heat boiler. To prevent
this issue, the high-temperature section of the waste heat boiler adopts a screen-type heating
surface design to avoid transverse flue gas scouring of the heating surface. Additionally,
the vertical heating surface facilitates ash accumulation on the heating surface, providing
an effective measure to prevent ash deposition.
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3. Biomass Oxy-Combustion Technology

To address the high tar content issue in biomass fluidized-bed gasification, researchers
have proposed the use of circulating fluidized-bed oxy-combustion technology. Consid-
ering the demand for effective gas components for subsequent methanol synthesis and
the utilization of oxygen produced during water electrolysis, this technology has emerged
as a promising pathway for the efficient thermochemical conversion of biomass to green
methanol (Figure 12). Green electricity is used to electrolyze water, with the oxygen gener-
ated being supplied to the biomass circulating fluidized-bed boiler. The fluidizing medium
for the biomass fluidized bed consists of oxygen combined with recirculated flue gas from
combustion. The flue gas exiting the boiler primarily comprises CO,, which is subse-
quently used in the CO;-to-methanol process. The oxy-combustion process also generates
superheated steam for grid power generation by heating boiler feedwater.
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Figure 12. Schematic diagram of the biomass oxy-combustion process for green methanol production.

Tsinghua University, in collaboration with Harbin Boiler Company Limited, developed
a 65 t/h biomass circulating fluidized-bed boiler (Figure 13). The boiler mainly comprises
a furnace, separator, return valve, and tail convection flue. Feedwater is preheated by
an economizer located at the lower section of the tail convection flue before entering the
steam drum. From the steam drum, water flows down through the downcomers to the
water walls, where it is heated. The resulting water—steam mixture re-enters the steam
drum, where steam and water are separated. Saturated steam is then directed to the low-
temperature superheater in the tail convection flue, followed by the medium-temperature
and high-temperature superheaters located in the furnace. Once the steam reaches the
turbine operation parameters, it drives a turbine to generate electricity.

Given the ash deposition characteristics under biomass oxy-combustion conditions,
an ash deposition model for the tail heat transfer surfaces was developed, elucidating
the ash deposition mechanisms, including thermophoresis, condensation, and inertial
impaction. Among these, inertial impaction dominates. Figure 14a illustrates the schematic
diagram of ash particle deposition on tail heat transfer surfaces via these mechanisms, while
Figure 14b presents the time-dependent variation of the relative sediment mass ratio for
each deposition pathway, confirming inertial impaction as the most significant contributor.
Based on this model, the influence of design parameters on ash deposition behavior was
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analyzed. Recommendations were made to mitigate ash deposition by improving separator
efficiency to reduce the fly ash particle size and decreasing the flue gas velocity in the tail
flue to minimize ash accumulation caused by inertial impaction [33].

\

L BCIC I

Figure 13. Schematic diagram of the 65 t/h biomass oxy-combustion circulating fluidized-bed boiler.

Despite its technological promise, several barriers limit the scalability and widespread
application of gasification and oxy-combustion technologies for methanol production.
Challenges, such as tar formation, biomass feeding system inefficiencies, and low technical
scalability, must be addressed to achieve viable industrial-scale deployment. Nevertheless,
the effective contribution of biomass to China’s energy demand remains substantial, offer-
ing the potential to meet approximately 10-15% of China’s annual energy needs, if surplus
biomass resources are fully utilized and efficiently integrated into energy system [43]. This
highlights the critical importance of continuing technological advancements to maximize
biomass’ role in the nation’s energy transition.

After biomass oxy combustion, the flue gas has an oxygen concentration of approx-
imately 3.5%, which can lead to catalyst poisoning in subsequent methanol synthesis.
However, the removal of oxygen from flue gas is technically complex and costly, represent-
ing one of the key bottlenecks of the oxy-combustion methanol synthesis process.
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Figure 14. Ash deposition mechanism on tail-end heat transfer surfaces of biomass oxy-combustion
boilers [34]. (a) Schematic of deposition processes: inertial collision, thermophoresis, and condensa-
tion. (b) Relative sediment mass ratio over time for different mechanisms.

4. High Oxygen Equivalence Ratio Biomass Thermochemical
Conversion Technology

Based on the concept of oxy-combustion coupled with CO,-to-methanol synthesis,
in this paper, an innovative technology for thermochemical conversion of biomass with
high oxygen equivalence ratio in the fluidized-bed system is proposed. This technology
adjusts the oxygen-to-biomass equivalence ratio to a range between combustion and
gasification, effectively addressing two key challenges: the high tar content in syngas
from conventional fluidized-bed gasification and the high oxygen concentration in
syngas from oxy-combustion (Figure 15). By overcoming these problems, the process
eliminates the bottleneck in the methanol synthesis stage. It has become the most
promising technology for the thermal conversion of biomass to prepare green methanol
syngas for industrial applications.
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Figure 15. Oxygen equivalence ratio.
When the oxygen equivalence ratio is less than 0.4, the dominant chemical reactions

in the biomass thermochemical conversion unit are gasification reactions. The resulting
syngas primarily consists of Hy, CO, CO,, CHy, and H,O. While the composition meets
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the requirements of the methanol synthesis system, the high tar content in syngas at this
equivalence ratio hinders the continuous operation of methanol synthesis units. Conversely,
when the oxygen equivalence ratio exceeds 1, combustion reactions dominate in the biomass
thermochemical conversion unit. The flue gas primarily consists of CO, CO,, HyO, and O,,
with the residual O adversely affecting the methanol synthesis system.

The core principle of the high oxygen equivalence ratio biomass thermochemical
conversion technology is to maintain the oxygen equivalence ratio within the range of 0.4
to 1. As the oxygen equivalence ratio increases, the tar content decreases, and the oxygen
content of the syngas increases, and the process for the subsequent preparation of methanol
requires a tar content of less than 5 g/m?3, for a particular biomass, to ensure that the tar
and oxygen content meets the requirements. This ensures that the tar and oxygen content
in syngas simultaneously satisfy the requirements of the methanol synthesis system. It
is important to note that an optimal oxygen equivalence ratio control range exists, which
is influenced by factors such as biomass type, fluidized-bed reactor temperature, and
fluidization velocity.

5. Future Trends

As this article reviews emerging pathways for green methanol production from
biomass, several focal points for future research have become evident. First, there is
a pressing need to address the technical and economic barriers that currently limit the
large-scale application of biomass thermochemical conversion technologies. This includes
advancing reactor designs, optimizing syngas purification, and integrating renewable
power sources to enhance overall conversion efficiency and cost-effectiveness. Moreover,
selecting the optimal thermochemical route depends on specific biomass feedstock prop-
erties: fluidized-bed gasification is often favored for agricultural residues with high ash
content, entrained-flow gasification performs better for woody biomass requiring fine
pulverization and thorough pyrolysis, while oxy-combustion can be particularly advanta-
geous for high-moisture or heterogeneous materials, such as municipal solid waste. The
proposed high oxygen equivalence ratio technology further offers a promising middle
ground, balancing the strengths of both gasification and combustion.

Through a comprehensive review of existing studies, the following findings and
prospective areas for research have been identified:

1. Biomass thermochemical conversion technologies for green methanol production
mainly include biomass gasification, biomass oxy-combustion, and high oxygen equiv-
alence ratio thermochemical conversion technologies. These technologies are currently
concentrated at the laboratory research stage. Due to various technical barriers and limited
technological maturity, none of them have yet achieved large-scale application.

2. Gasification encompasses fixed-bed, fluidized-bed (bubbling and circulating), pres-
surized fluidized-bed, and entrained-flow processes. Fixed-bed and bubbling fluidized-bed
designs exhibit lower gas yields and scaling issues. Circulating fluidized-bed gasification
provides higher gas production, carbon conversion, and scalability, yet its relatively low
reaction temperature leads to elevated tar and methane levels. Pressurized fluidized-bed
gasification increases gasification intensity, shortens residence time, and enhances scala-
bility, though feeding low-density biomass under pressure remains problematic. Studies
indicate that pressurization alters gas—solid flow patterns, necessitating more complex
reactor designs. Entrained-flow gasification achieves high carbon conversion and reduced
tar content, but biomass’ low theoretical combustion temperature and fibrous structure
hinder the fine pulverization needed for efficient operation.

3. To increase the effective fraction of syngas, Tsinghua University, in conjunction
with Harbin Boiler Works Co., Ltd. (Harbin, China), proposed a circulating fluidized bed
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gasification process with pure oxygen + water vapor + CO; as the gasification medium, in
which a large proportion of N; in the syngas is removed compared to air gasification, and
developed a gasification engineering scheme for treating 40 t/h of biomass, which removes
the tar in the syngas through the installation of additional partially oxidizing equipment,
consuming part of the effective gas, and increases the initial investment and operation and
maintenance cost of the equipment.

4. To mitigate the complexity and syngas losses from standalone tar and methane
removal in circulating fluidized-bed gasification, Tsinghua University and Harbin Boiler
Company Limited developed a 65 t/h biomass oxy-combustion boiler. Pure O, and recircu-
lated flue gas are used as gasifying and fluidizing agents, yielding flue gas largely composed
of CO; for methanol synthesis. Unlike fluidized-bed gasification, tar and methane are
inherently eliminated; however, approximately 3.5% residual oxygen remains, posing
challenges for downstream catalysts and methanol production.

5. Based on the strong adaptability of fluidized-bed gasification to biomass and the
tar-removal advantages of oxygen-rich combustion, this paper proposes a high oxygen
equivalence ratio biomass thermal conversion technology. Positioned between combustion
and gasification, it yields tar-free syngas with significantly reduced oxygen content, im-
proving downstream alcohol production. By avoiding many of the technical challenges
found in existing biomass conversion routes, this new process emerges as one of the most
competitive options for future green alcohol production.

6. Conclusions

Green methanol production from biomass is an attractive strategy for meeting strict
environmental regulations and the growing demand for renewable fuels. This review
highlights three main thermochemical pathways—gasification, oxy-combustion, and high
oxygen equivalence ratio processes—each with distinct advantages but hindered by techni-
cal and economic challenges that limit large-scale adoption. Among these pathways, high
oxygen equivalence ratio technology stands out for its efficient tar removal, reduced syngas
oxygen content, and straightforward integration with downstream synthesis.

Moving forward, pilot-scale demonstrations, refined reactor designs, and supportive
policies are needed to overcome existing barriers. By harnessing China’s abundant green
electricity resources, these thermochemical processes could become a viable, low-carbon
alternative in high-energy sectors, such as maritime shipping. If effectively scaled, they
may help reduce reliance on fossil fuels, curb greenhouse gas emissions, and advance
global efforts toward a more sustainable energy future.
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