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Abstract

Formaldehyde-based adhesives pose health and environmental risks that hinder sustainable
development of the wood-based panel industry. To address the issue that “formaldehyde
emissions endanger human health and ecological safety, constraining industry sustainabil-
ity,” this study aims to promote the development and application of formaldehyde-free
biomass-based adhesives. Centering on technological feasibility, policy compatibility,
and governance effectiveness, this research adopts a multi-dimensional systems analysis
method to systematically review global progress in research and industrial application of
biomass-based formaldehyde-free adhesives. The results indicate the following: (1) biomass
adhesives exhibit substantial potential in mechanical performance and ecological benefits;
(2) their large-scale application faces obstacles including cost, performance stability, and in-
sufficient policy coordination; and (3) building an integrated technology–policy–governance
synergy framework is the key pathway to industrialization. This study provides scientific
guidance for scaling up biomass adhesives and achieving ecological civilization goals.

Keywords: biomass adhesives; sustainable development; ecological civilization construction

1. Introduction
In recent years, the global demand for wood-based panel industry continues to grow,

with China’s annual output of more than 300 million cubic meters of wood-based panel
ranking first in the world [1]. However, traditional petrochemical-based adhesives (e.g.,
urea–formaldehyde resins and phenol–formaldehyde resins) release volatile organic com-
pounds (VOCs), such as formaldehyde, during synthesis and use, posing a serious threat to
human health and the environment [2]. Formaldehyde is classified as a class I carcinogen
by the World Health Organization, and long-term exposure can lead to respiratory diseases,
immune function abnormalities and even leukemia [3,4]. At the same time, traditional adhe-
sives rely on non-renewable fossil raw materials, their production process has high carbon
emissions, and the products are difficult to degrade, leading to environmental problems
such as microplastic pollution, which further aggravates the burden on the ecosystem.

The concept of ecological civilization has been introduced as a national development
principle that emphasizes the harmonious coexistence of human activities and natural sys-
tems, providing a solid framework for evaluating technological innovations in the field of
materials science. Trends in social development and concerns about pollutant volatilization
and the ecological footprint (sustainability) of the production of these formaldehyde- and
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phenolic-based adhesives have created opportunities for the development of renewable and
“environmentally friendly” adhesives on the market [5]. In this context, formaldehyde-free
biomass-based adhesives represent a key intersection of sustainable materials design and
environmental governance, and fit with many of the UN’s Sustainable Development Goals
(SDGs), including good health and well-being, affordable and clean energy, industrial inno-
vation and infrastructure, climate action, and terrestrial biomass [6,7]. At present, domestic
and foreign research has made a series of progress in the development of biomass-based
adhesives such as starch [8], lignin [9], and soy protein [10], especially in the utilization of
agricultural waste (e.g., straw, peanut meal) and other high-value resources, which shows
great potential and provides a technological pathway for the circular economy. However,
these biomass adhesives still generally have technical bottlenecks such as insufficient water
resistance and low wet strength, resulting in their product performance not yet being
able to fully meet the stringent requirements of the national standards for wood-based
panels (e.g., GB/T 9846-2015) [11], which restricts their large-scale industrialization and
application. This biomass adhesive cannot be widely used because of its water resistance,
wet strength and other aspects still having certain deficiencies. However, people’s interest
in “environmentally friendly” biomass adhesives is still increasing, as evidenced by the
increasing publication rate, as shown in Figure 1. Therefore, a systematic review of the
technological progress of formaldehyde-free biomass adhesives, an in-depth analysis of
the deep-rooted barriers to their promotion, and the exploration of feasible synergistic
paths of “technology-policy-governance” are of great theoretical value and urgency for
promoting the maturity and application of this green technology and realizing the green
transformation of the wood-based panel industry.

 
Figure 1. Publication of articles indexed in the ScienceDirect database using “biomass-based adhe-
sives” as a search term since 2015.

This paper examines recent advances in formaldehyde-free biomass adhesive tech-
nology through the multiple lenses of materials science, public policy and grassroots
governance. It analyzes the technological pathways for biomass resource utilization and
their interface with other local policies, assesses the environmental and health benefits,
identifies socioeconomic barriers to adoption at the level of the governance structure, and
proposes an integrated policy strategy that blends technology diffusion and grassroots gov-
ernance. By synthesizing recent scientific literature and policy documents with examples
of local practices, this paper aims to provide a multidisciplinary understanding of how
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green adhesive technologies can contribute to the goals of sustainable development and
ecological civilization for academic, industrial, and governmental stakeholders.

2. Formaldehyde-Free Adhesive Technology Innovation and
Ecological Benefits
2.1. Technological Innovations in Formaldehyde-Free Adhesives

In recent years, significant progress has been made in the development of high-
performance adhesive systems derived from renewable biomass resources to meet the wet
strength standards of Class II plywood (≧0.7 MPa) as stipulated in the Chinese national
standard (GB/T 9846-2015), and in different aspects with significant improvements and
significant advantages, providing a viable alternative to petroleum-based formulations [12].
Dry bond strength refers to the shear strength of the adhesive bond when the bonded
wood-based panel is in a dry state (moisture content 8–12%) after curing. It is critical for
applications in dry environments such as indoor furniture and decorative panels. Wet bond
strength refers to the shear strength after the bonded panel is soaked in water (usually
24 h at 25 ◦C or 3 h at 100 ◦C) to simulate humid service conditions, which is essential
for scenarios such as outdoor furniture, packaging materials, and bathroom decorations.
A comparison of the performance characteristics of different formaldehyde-free adhesive
technologies is shown in Table 1. (1) Water resistance: biomass raw materials (lignin, protein,
starch) contain a large number of hydrophilic groups (hydroxyl, amino, carboxyl), which
easily form hydrogen bonds with water molecules, leading to swelling and failure of the
adhesive layer. (2) Cross-linking density: The cross-linking degree of biomass adhesives is
generally lower than that of petroleum-based adhesives, resulting in loose internal structure
and easy penetration of water molecules. (3) Interface compatibility: The hydrophilicity
of the adhesive is inconsistent with the hydrophobicity of the wood surface, leading to
incomplete wetting and bonding, which further deteriorates wet strength. Additionally, the
diversity of biomass raw materials leads to uneven reactivity, making it difficult to control
the cross-linking reaction uniformly, which also affects performance stability.

Table 1. Comparison of performance characteristics of different aldehyde-free adhesive technologies:
SM-OL1.5 adhesives [13], ALN-50 adhesives [14], SPI/SA/Mg adhesives [15], SPI/TA 0.5/Borax 0.6 ad-
hesives [16], DAS-HBP-G adhesives [17], Ost/Ita/Borax adhesives [18], and HM-CS@BN adhesives [19].

Name Raw Material Dry Bonding
Strength (MPa)

Wet Bonding
Strength (MPa) Special Characteristics

SM-OL1.5 soy protein, lignin 1.83 0.94 low VOC emissions
ALN-50 lignin 1.51 1.15 exceptional mold resistance

SPI/SA/Mg soy protein 1.91 0.96 high refractoriness
SPI/TA 0.5/Borax 0.6 soy protein 2.37 1.12 higher mold resistance

DAS-HBP-G starch 1.26 1.15 lower curing temperature
Ost/Ita/Borax starch 5.34 1.22 strong flame retardancy
HM-CS@BN chitosan 2.27 1.05 high fire resistance

Lignin, a major component of biomass, has been widely studied for the development
of formaldehyde-free wood adhesives due to its aromatic structure and abundant con-
tent. A pioneering study by Prof. Shuai Li’s team [20] at Fujian Agriculture and Forestry
University has successfully developed an uncondensed lignin-based adhesive, which is
made from highly active lignin extracted from biomass resources, such as wood and straw,
and its gluing mechanism is shown in Figure 2. This innovative approach overcomes the
limitations of traditional lignin-based adhesives, such as complex preparation process, high
cost and poor performance, to form a simple, effective and low-cost preparation method.
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The developed adhesive has excellent performance in the hot pressing temperature range
(100 to 190 ◦C), and is characterized by green, simple process, excellent performance and
low cost, which has the potential to replace traditional petroleum-based wood adhesives.
Figure 2d shows optical microscopy images of glue lines at different hot-pressing temper-
atures. At 100 ◦C, the glue line is uneven and porous, with obvious gaps between the
adhesive and wood fibers. As the temperature rises to 150 ◦C, the glue line becomes denser,
and the interface with wood is more closely combined. At 190 ◦C, the glue line is thin
and uniform, with no visible pores, indicating that sufficient cross-linking of the lignin
adhesive at high temperatures forms a stable bonding interface. Figure 2e presents scanning
electron microscopy (SEM) and Fourier transform infrared (FTIR) microscopy images of
the glue line at 190 ◦C. The SEM image shows that the adhesive fully penetrates the wood
fiber gaps, forming mechanical interlocking; the FTIR image (1597 cm−1, characteristic
absorption peak of lignin) confirms uniform distribution of the adhesive in the glue line,
with no local aggregation. From the perspective of policy and governance, the high-value
utilization of lignin adhesive raw materials (e.g., straw) directly fits the policy direction
of “use to promote the ban” in the Summary of the Reply to Recommendation No. 0278
of the Third Session of the Fourteenth National People’s Congress (Nong’anbao [2025]
No. 354). The local level can provide a stable and low-cost supply of raw materials for the
industrialization of lignin adhesives through the establishment of a perfect straw collec-
tion, storage and transportation system, and realize the synergy between environmental
management and industrial development. Further innovations in the utilization of lignin
were proposed by Ortner et al. [21], who developed a lignin–carbonate prepolymer as
a formaldehyde-free wood adhesive. This adhesive performed well in the Automated
Bond Evaluation System (ABES) test, with a maximum tensile shear strength of about
6.3 N·mm−2 at 180 ◦C for 30 min, which is comparable to the industrial phenolic resin (PF)
reference value (5.9–7 N·mm−2). Despite their excellent mold resistance and compatibility
with agricultural waste resources, lignin-based adhesives face challenges such as uneven
reactivity of raw material lignin (due to differences in biomass sources and extraction
methods) and high energy consumption in the hot-pressing process (100–190 ◦C). These
factors increase production costs and limit standardized large-scale production [22].

In addition to lignin, various other biomass resources have been successfully used
to develop formaldehyde-free adhesives. The research on protein-based adhesives has
also made great progress. Deng et al. [23] constructed an environmentally friendly and
water-resistant peanut protein wood adhesive by means of various cross-linking strategies.
The aflatoxin content of peanut meal often exceeds regulatory standards, leading to its
classification as waste. China produces about 4 million tons of peanut meal annually with
high protein content, which is an excellent raw material for vegetable protein adhesives [24].
They innovatively proposed the use of glycolaldehyde–urea resin prepolymer and peanut
protein to construct a multiple cross-linking network structure, which significantly im-
proves the adhesive bonding performance and water resistance of the adhesive, and the
experimental mechanism is shown in Figure 3. The PP-UG composite adhesive forms a
multiple cross-linking network through two key interactions. (1) Covalent cross-linking:
The glycolaldehyde-urea resin prepolymer (UG) generates active methylol groups, which
react with amino and hydroxyl groups in peanut protein (PP) to form methylene bridges,
enhancing the structural stability of the adhesive. (2) Hydrogen bonding: The oxygen
and nitrogen atoms in the UG resin form hydrogen bonds with the hydroxyl groups in
peanut protein and wood fibers, improving interface compatibility. This dual cross-linking
structure significantly reduces the hydrophilicity of the adhesive (water absorption rate
decreased by 42% compared to pure peanut protein adhesive) and enhances bonding
strength, with the wet bonding strength reaching 1.115 MPa, meeting the requirements of
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wood-based panel applications. This method not only solves the formaldehyde release
problem of traditional adhesives, but also creates a high-value utilization pathway for
peanut meal. The promotion of this technology can be closely integrated with the deep
processing policy for agricultural products in the rural revitalization strategy. For example,
in peanut producing areas, local governments can guide the establishment of a “planting-
oil extraction-adhesive production” industrial chain to promote the development of “one
county, one industry”, and realize agricultural efficiency and farmers’ income. Peanut
protein adhesives achieve high-value utilization of agricultural waste, but their production
is restricted by regional raw material distribution: peanut meal is mainly concentrated in
specific producing areas, leading to high transportation costs for cross-regional production.
Additionally, the cross-linking agent used in the preparation process increases material
costs, and the adhesive’s storage stability (susceptible to microbial degradation) further
hinders large-scale promotion [10].

 

Figure 2. (a) Yields of resultant aromatic monomers from hydrogenolysis of FPLs before (25 ◦C)
and after hot pressing. The H shown in (a,d) indicates the addition of sulfuric acid as a crosslinking
catalyst to lignin adhesives. (b,c) Side-chain (b) and aromatic (c) regions in heteronuclear single-
quantum coherence spectra of FPL before and after hot pressing at 190 ◦C (δ, chemical shift; the
chemical structure in the left panel of c represents an acetal-protected lignin monomeric unit).
(d) Optical microscopy images of the glue lines in the plywood products prepared at different hot-
pressing temperatures. (e) Scanning electron microscopy (left) and Fourier transform infrared (FTIR)
microscopy (right) images of the glue-line region in the plywood prepared at 190 ◦C (the FTIR image
was recorded at 1597 cm−1, a characteristic absorption peak of lignin [20].

Starch-based adhesives are also a major hot spot in research. Shen Jun et al. [25]
oxidized natural starch by sodium sulfate to obtain oxidized starch, and the oxidized starch
adhesive (SSA-15%) was crosslinked with PVA, as shown in Figure 4. Figure 4a shows that
the physical drawings of pure starch adhesive SSA-15-30% and oxidized starch adhesive
SSA-5-30% after 3 h of boiling water, and the specimen of natural starch adhesive absorbed
water and swelled, and basically had cracked, and even the adhesive layer separated, while
the specimen of oxidized starch adhesive did not disconnect, and still had a very good bond-
ing performance. Figure 4b illustrates the gluing mechanism of oxidized starch adhesives.
The oxidized starch generates carboxyl groups through sodium sulfate oxidation, which
form ester bonds with hydroxyl groups on the wood surface. Meanwhile, cross-linking
with PVA forms a three-dimensional network structure, enhancing the bonding force and
water resistance of the adhesive. The prepared oxidized starch adhesive (SSA-15%) had dry
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and wet shear strengths of up to 2.95 MPa and 1.31 MPa, which were 163% and 120% higher
than that of the natural starch adhesive, respectively, improving the product’s mechanical
properties, as shown in Figure 5. Oxidized starch adhesives have improved mechanical
properties, but their water resistance (wet bonding strength 1.31 MPa) is still lower than that
of traditional petroleum-based adhesives. Moreover, starch raw materials are prone to price
fluctuations affected by agricultural production cycles, resulting in unstable production
costs and making enterprises hesitant to invest in large-scale production lines [26].

 

Figure 3. Schematic diagram illustrating the preparation process of the PP-UG composite adhesive
and depicting the various potential interactions within the adhesive system [23].

 

Figure 4. (a) Comparison of oxidized starch adhesive specimens. (b) Diagram of oxidized starch
adhesive gluing mechanism [25].
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Figure 5. Mechanical strength comparison [25]. (a) Wet strength of plywood under different pH
conditions; (b) Wet strength of plywood under different temperature condition; (c) Wet strength of
plywood at different chemical cross-linking times; (d) Wet strength of plywood at different solid
contents; (e) Wood failure rate of plywood after wet bonding strength tests.

As for chitosan-based adhesives, such as HM-CS@BN, chitosan’s amino and hydroxyl
groups to form hydrogen bonds and covalent cross-links with wood surface hydroxyl
groups were utilized, achieving a dry bonding strength of 2.27 MPa and wet bonding
strength of 1.05 MPa. Their prominent advantage is high fire resistance, which meets the
safety requirements of special scenarios such as interior decoration. However, chitosan raw
materials are mainly derived from crustacean shells, with limited annual output and high
purification costs, resulting in high adhesive prices (about 3–5 times that of starch-based
adhesives). Additionally, chitosan’s poor solubility in neutral environments requires the
addition of organic solvents in the preparation process, increasing environmental pressure
and restricting industrial application [19].

2.2. Evaluation of Ecological Benefits and Environmental Impacts

The development of formaldehyde-free adhesives has led to significant ecological ben-
efits. Firstly, the impact on life and health is significantly reduced. Traditional phenolic and
urea–formaldehyde resin adhesives continuously release formaldehyde during production
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and use, which has been classified as a class 1 carcinogen by the World Health Organiza-
tion, and long-term exposure may cause respiratory diseases, allergic reactions, and even
increase the risk of leukemia and cancer [27,28]. Formaldehyde-free adhesives eliminate
the production of formaldehyde from the source, and they will not release formaldehyde
and other toxic volatile organic compounds (VOCs) to the indoor and outdoor environment
during the production, storage, transportation, and use cycle after being applied to various
types of panels (e.g., synthetic panels, furniture panels), thus effectively improving the
quality of indoor air and decreasing the health threat that human beings face due to pro-
longed exposure to formaldehyde, especially for children, the elderly, and pregnant women
who are sensitive to formaldehyde. It is of great significance for the health protection of
sensitive groups such as children, the elderly and pregnant women [29,30].

Secondly, it also plays a positive role in resource recycling. As a large agricultural
country, China produces abundant plant protein meals every year, which, if not effectively
utilized, not only cause waste of resources, but also may cause environmental problems
due to accumulation and storage [31]. Formaldehyde-free adhesive through the high-
value transformation and utilization of these renewable biomass resources, to build a
“agricultural waste—industrial raw materials—green products,” the circular economy chain,
reducing the dependence on non-renewable petrochemical resources, but also reduces the
environmental load in the process of agricultural waste disposal [32].

In addition, the production process level also shows significant green characteristics.
The preparation process of many formaldehyde-free adhesives is gentler than that of tra-
ditional adhesives, and the reaction temperature can be generally reduced by 20–30 ◦C,
with a consequent decrease in energy consumption of about 15–25%. The life cycle carbon
emission of biomass adhesives is 1.2–1.8 tons of CO2 per ton, which is 60–70% lower than
that of urea–formaldehyde resin adhesives (3.5–4.2 tons of CO2 per ton). VOC emissions
during production are less than 50 mg/m3, which is 85% lower than the national standard
limit for traditional adhesives (300 mg/m3). At the same time, some formaldehyde-free
adhesives in the choice of raw materials more inclined to environmentally friendly sub-
stances, the production process of wastewater Chemical Oxygen Demand (COD) emissions
can be reduced by 40–60%, volatile organic compounds (VOCs) generated by the amount
of more than 50%, and some systems can achieve near-zero wastewater discharge [33,34].
From the overall perspective of the product life cycle, formaldehyde-free adhesives made of
panels and other end-products in the service life, if you can carry out reasonable recycling
and processing, its degradation is also relatively good, biomass-based adhesives made of
panels of natural degradation rate than the traditional urea–formaldehyde resin panels to
improve the rate of about 35–50%, and effectively alleviate the abandonment of the phase
of the “white pollution” and persistent organic matter (POPs). The natural degradation
rate of biomass adhesive-based panels reaches 45–60% within 5 years, while traditional
urea-formaldehyde resin panels have a degradation rate of only 10–15%, significantly
reducing environmental burden. The natural degradation rate of biomass-based adhesives
is about 35–50% higher than that of traditional urea–formaldehyde resin sheets, which
effectively alleviates the problems of “white pollution” and accumulation of persistent
organic compounds at the disposal stage, and further demonstrates the environmentally
friendly characteristics of the whole life cycle [35,36].

3. Ecological Civilization Policy Framework and Industrial Transformation
3.1. Overview of Ecological Civilization Policy Framework

Globally, the ecological and environmental crises are worsening, and issues such
as climate change, loss of biodiversity, and resource depletion have become common
challenges for mankind. This mega-trend has prompted countries to re-examine their
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development models and seek more sustainable growth paths. At the same time, China,
as the world’s largest developing country, also deeply recognizes the unsustainability
of the traditional crude development model and urgently needs to promote economic
transformation through policy adjustment [37]. As a result, the intrinsic need for national
sustainable development has become the core driver of policy formulation, which is man-
ifested in the great importance attached to green and low-carbon development, efficient
resource utilization, and ecological environmental protection. The evolution of China’s
environmental policy has gone through a complete course from the germination of ideas to
systematic advancement. The early stage of awakening of environmental protection aware-
ness was mainly reflected in the initial cognition of environmental pollution problems,
which gave rise to the first environmental protection regulations and policy frameworks,
such as the establishment of the basic system of environmental protection in the 1980s.
With the development of economy and society, the problem of ecological damage has
become increasingly complex, pushing the policy into a deepening stage. Especially after
entering the 21st century, the concept of comprehensive ecological civilization construction
marked a qualitative leap in policy, the relevant policy system began to systematically
integrate into the overall economic and social development, forming a comprehensive
policy network covering pollution prevention and control, ecological restoration, green
industry and other multi-dimensional.

The current environmental policy system presents multi-level and three-dimensional
characteristics: at the level of laws and regulations, the rigid constraint framework has
been constructed with the Environmental Protection Law as the overarching principle,
supported by special laws such as the Water Pollution Prevention and Control Law and
the Air Pollution Prevention and Control Law; and at the level of strategic planning, the
five-year plan and long-term vision have been combined to form a target system through
the convergence of the national ecological civilization construction outline and the local
implementation plan. In terms of incentives and constraints, the innovative use of economic
instruments, including financial subsidies for new energy industries, tax incentives for
environmental protection enterprises, and daily penalties for environmental violations
and other disciplinary measures, forming the policy synergy of “carrot and stick”. This
complete institutional design not only clarifies the red line requirement for environmental
protection, but also provides sustainable impetus for green development.

To strengthen the grassroot implementation mechanism, the policy framework fur-
ther emphasizes the role of local governments and community participation. Grassroots
governments (e.g., township and village governments) play a key role in environmental
enforcement and technology promotion, for example, by organizing community meetings
and conducting environmental education activities to promote public participation in the
adoption of formaldehyde-free adhesives. Adaptive implementation of policies at the local
level allows for the grassroots to adjust national standards according to local resources and
needs, e.g., prioritizing the promotion of lignin-based adhesives in agricultural waste-rich
areas in line with the rural revitalization strategy [38]. At the same time, grassroot gover-
nance actors such as small and medium-sized enterprises (SMEs) and cooperatives have
been included in the implementation system to ensure flexibility and effectiveness in policy
transfer from the national level downwards and to avoid the problem of “one size fits all”.

3.2. The Guiding Role of Policy on Industrial Transformation

The main direction of the current industrial structure adjustment in China is reflected
in the following aspects: firstly, it is necessary to accelerate the promotion of industrial
transformation and upgrading, gradually eliminating the traditional industries with high
pollution and high energy consumption, and actively promoting the transfer of industries
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to the direction of the development of green and low-carbon industries, and constructing
a modernized green industrial system. Secondly, it is necessary to focus on promoting
the green upgrading and transformation project of traditional industries, and improve
the environmental friendliness and resource utilization efficiency of traditional industries
through the introduction of advanced technology and equipment [39].

In terms of technological innovation orientation, enterprises should be vigorously
encouraged to carry out independent research and development and innovation of cleaner
production technologies, with a focus on supporting the breakthrough and application of
environmental protection technologies such as energy conservation and emission reduction,
pollution prevention and control. At the same time, it is necessary to focus on cultivating
the field of resource recycling technology, promoting the industrialization and application
of waste resource utilization technology, and building a recycling-based industrial system.
In this process, policy formulation needs to consider technical feasibility [40]. For example,
the current national standards (e.g., GB/T 9846-2015) put forward clear requirements for the
strength of man-made boards, which directly affects the selection decision of enterprises
on new adhesive technology. Therefore, the inclusion of biomass adhesives that meet
the performance standards and are environmentally friendly into the “green technology
catalog” and green product certification system is the key to guide the transformation of
enterprises. Meanwhile, the existing R&D subsidies are mostly focused on universities
and research institutes, with insufficient coverage of the pilot and industrialization stages.
It is recommended to optimize the subsidy policy to cover the whole chain from R&D,
pilot testing to industrialization, especially to support enterprises to build demonstration
production lines in order to reduce the market risk of technology transformation [41].

In terms of market mechanism cultivation, it is necessary to accelerate the establish-
ment and improvement of a national unified carbon emissions trading market system,
giving full play to the decisive role of the market in the allocation of carbon emissions
resources. In addition, it is necessary to further improve the green product certification
and labeling management system, develop a scientific and standardized green product
evaluation standard system, guide consumers to choose green and low-carbon products,
and promote the formation of a social trend of green consumption [42].

3.3. Challenges of Industrial Transformation
3.3.1. Existing Challenges

The current green technological innovation and industrial transformation are facing
severe challenges in many aspects, mainly reflected in the following key dimensions:

At the technological level, there are significant technological bottlenecks. The research
and development of core green technology not only faces great technical difficulties, involv-
ing material science, energy efficiency, pollution control and other high-tech threshold areas,
but also accompanied by high R&D cost investment. Even if technological breakthroughs
are achieved, various implementation barriers will be encountered in the subsequent trans-
formation and practical application of technological achievements, including problems of
process adaptation and equipment renewal.

Financial pressure is another major constraint on the green transformation of enterprises.
Enterprises implementing green transformation and sustainable development strategies need
to invest a large amount of upfront capital, including equipment acquisition, technology
introduction, and personnel training. However, the reality is that enterprises have very
limited access to green financing channels, and the existing financial support system and policy
support is obviously insufficient to meet the financial needs of enterprise transformation.

The same deep-seated difficulties exist in terms of concepts and management. Many
enterprises have long formed the traditional development concept, and the “heavy eco-
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nomic benefits light environmental impact” mindset is difficult to change in a short period
of time. At the same time, there is a general lack of a complete green management system
within the enterprise, and there are obvious system deficiencies and management loop-
holes in the implementation of environmental standards, carbon emission management,
and green supply chain construction. From the perspective of governance structure, the
phenomenon of difficult-to-implement policies is widespread, which is manifested in the
following: the implementation of environmental standards in different regions varies,
and local protectionism exists in some regions; small and medium-sized enterprises are
in a disadvantageous position in obtaining policy information and applying for financial
support due to their limited capacity; the public’s and consumer’s cognition and acceptance
of formaldehyde-free products still need to be improved; and there is insufficient synergy
among the departments of agriculture, environmental protection and industry, leading to
the dispersion of policy resources, and the lack of coordination between them. Insufficient
synergy between agriculture, environmental protection, industry and other sectors has led to
the dispersal of policy resources, affecting the efficiency of implementation. These intertwined
difficulties together constitute the main obstacles to green development, and require synergy
among government, enterprises and society in order to effectively break through.

3.3.2. Transformation Case Analysis of Classic Industries

At present, China’s energy industry is in a critical period of profound change, and is
gradually transforming from the traditional coal-based energy structure to a diversified
and clean energy system. This transformation process involves solar photovoltaic power
generation, wind power generation, hydropower and other renewable energy development
and utilization, aiming to build a cleaner, low-carbon, safe and efficient modern energy
system. Taking a large coal enterprise as an example, the enterprise actively responds to the na-
tional energy transformation strategy, and gradually expands to the new energy field through
technological innovation and industrial upgrading, realizing the successful transformation
from a traditional energy supplier to a comprehensive energy service provider [43].

In the field of manufacturing, the integration and development of intelligent man-
ufacturing and green manufacturing have become an important direction of industrial
upgrading. Through the introduction of new-generation information technology such
as industrial Internet and big data analysis, manufacturing enterprises are realizing the
digitalization, networking and intelligence of the production process. At the same time, the
implementation of the green manufacturing concept has prompted enterprises to adopt
more environmentally friendly production processes and materials. Carbon emission
density, defined as the carbon dioxide equivalent emissions generated per unit of eco-
nomic output, per unit of product output or per unit of industrial added value, is a core
quantitative indicator to evaluate the low-carbon level and green development efficiency
of manufacturing enterprises. It directly reflects the balance between production scale,
economic benefits and carbon reduction effects, and has become an important reference
for industrial green transformation assessment. Geely Automobile Group has constructed
a full-life-cycle green management system covering design, production, and recycling by
deeply integrating intelligent manufacturing and green manufacturing. According to its
Environmental, Social, and Governance (ESG) Report 2024, Geely has realized an increase in
the production efficiency of key processes to 98% and a one-time vehicle delivery pass rate
of 99% in its Xi’an Super Intelligent Blacklight Factory through the application of industrial
internet and AI quality control, as shown in Figure 6. In terms of environmentally friendly
materials and processes, Geely has comprehensively promoted the use of water-based
coatings and bio-based materials, which has enabled the total VOC emissions from its paint
shop to drop by 35% compared with the base year, and the emission concentration has
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continued to outperform the national standard. Meanwhile, in terms of resource recycling,
Geely has established a battery laddering utilization and recycling system that has achieved
a nickel—cobalt–manganese recycling rate of more than 99% on a sustained basis, and is
committed to improving the economics of lithium recycling technology, which has set a
model for the green recycling development of the manufacturing industry [44].

Figure 6. Geely Automobile Holdings Limited Environmental, Social and Governance (ESG) Report
2024 Performance Summary [45,46].

In the home manufacturing industry, Sofia, a well-known customized home furnishing
enterprise, has successfully realized the green upgrading and market value enhancement
of its products through the large-scale adoption of Kang Pure Board (no aldehyde-added
board), which is based on soy protein adhesive/lignin adhesive and other substrates. Ac-
cording to its “2024 Annual Social Responsibility Report” [47], the measured formaldehyde
emission of Kangpure Board is less than 0.020 mg/m3, which is better than the highest
national standard ENF level limit, and it also excels in key physical properties such as static
bending strength and water absorption and expansion rate, ensuring a balance between
health and practicality. An actual view of interior decoration using Kangpure Board is
presented in Figure 7. This case shows that the strategic choice of the downstream head
manufacturer not only meets the consumer demand for healthy homes, but also effectively
pulls the upstream biomass adhesive and formaldehyde-free sheet capacity expansion and
technology iteration, forming a market-driven green transition mechanism. To further
promote the industrialization of formaldehyde-free biomass adhesives, a series of policy
tools have been formed at the grassroots level to provide systematic support, covering
financial incentives, standard certification, and public promotion, as detailed in Table 2.

Table 2. Policy tools to support the development and adoption of formaldehyde-free adhesives.

Types of Policy Tools Specific Measures Examples of Grassroots Implementation

Financial Subsidies Funding Support for
R&D and Industrialization Township Government Provides Loan Guarantees for SMEs

Tax Incentives Tax Reduction for Environmentally
Friendly Enterprises Village Committees Coordinate Local Enterprises to Apply

Standard Certifications GB/T9846 Implementation Community Involvement in Product Certification Training

Demonstration Projects Green Parks Pilot Workshops Established by Cooperation between
Pools and Enterprises

Digital Advocacy APP Product Traceability Grassroots Organizations Promote Consumers Education
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Figure 7. Actual view of Sofia Con Pure Plate decoration [48].

4. Socio-Economic Barriers and Comprehensive Policy Recommendations
The industrialization and promotion of formaldehyde-free biomass adhesives is not

only a technology substitution process, but also a profound socio-economic system change.
Its success relies on the precise identification of deep-seated barriers in the diffusion
process and the construction of a matching systematic policy framework with multi-level
synergies [7]. This section will first analyze the key socio-economic barriers, and then
propose a comprehensive policy response that integrates macro-system, meso-industry and
micro-governance.

4.1. Analysis of Socio-Economic Barriers and Development Bottlenecks

The promotion of formaldehyde-free biomass adhesives faces the following four types
of intertwined and overlapping socio-economic barriers.

4.1.1. Regional and Industrial Development Contradictions

China’s regional development presents obvious gradient difference characteristics,
eastern coastal areas with location advantages, and first opportunity to form a more perfect
industrial system and economic ecology, while in the central and western regions, due to
the lack of historical accumulation, infrastructure is relatively weak and other reasons, the
level of development is relatively lagging behind, this regional development imbalance
phenomenon in the total economic output, scientific and technological innovation capacity,
public service level and other dimensions are particularly This phenomenon of uneven
regional development is particularly prominent in many dimensions such as economic
aggregate, scientific and technological innovation capacity, and public service level [49]. In
terms of industrial transformation and upgrading, traditional manufacturing industries
are facing technical constraints such as difficulties in core technology breakthroughs and
huge investment in equipment upgrading, as well as financial pressures such as insufficient
special funds for transformation and upgrading and poor financing channels; at the same
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time, the development of strategic emerging industries is also experiencing a long cultiva-
tion cycle of market demand, and insufficient reserves of high-end professionals and other
bottlenecks, which hinders the process of conversion of old and new kinetic energy. Deeper
industrial structure optimization and upgrading face systemic challenges, including the
cost pressure brought by the continuous increase in the prices of production factors such
as labor and land, the inefficiency of R&D inputs and outputs caused by the imperfect
innovation system, and the structural contradiction caused by the lack of innovation power
due to the poor mechanism of industry–university–research synergy, which are interwoven
with each other and form the multiple obstacles restricting the high-quality development
of the economy.

4.1.2. Short Board of Innovation System and Human Resources

Currently, the field of scientific and technological innovation is facing three outstand-
ing development bottlenecks: first, from the perspective of R&D investment and result
transformation, scientific and technological innovation investment has been in a state of
insufficiency for a long time, and the proportion of R&D expenditure in GDP is lower
than the international advanced level, while there is a significant short board in scientific
and technological results transformation, and there is an obvious fault between laboratory
results and industrialized application. At the same time, there are significant shortcomings
in the transformation of scientific and technological achievements, and there is an obvi-
ous gap between laboratory achievements and industrialized applications, which leads
to the overall low rate of transformation of R&D achievements, and scientific research
achievements are difficult to be effectively transformed into real productivity. Secondly,
in terms of talent support, the problem of structural shortage of high-end talents is be-
coming increasingly prominent, especially in the strategic emerging industries and key
core technology areas of the supply of high-level talent is insufficient, while the existing
talent training system and the rapid changes in the industry demand there is an obvious
disconnect between the phenomenon, resulting in the targeting of talent cultivation and
adaptability is insufficient [50]. In addition, due to the development environment, salary
and treatment, scientific research conditions and other factors, the attraction and retention
rate of talents show a double low trend, making it difficult to form a sustainable talent
support system. Finally, in terms of innovation ecological construction, the operation
of the industry-university-research collaborative innovation mechanism is not smooth,
and there is a lack of effective collaborative cooperation platforms and benefit-sharing
mechanisms between various types of innovation subjects, which leads to the dispersion of
innovation resources and the fragmentation of the innovation chain. At the same time, the
development of the market for technology, talent, capital and other innovation factors is
still imperfect, and there are many institutional barriers to the flow of factors, which seri-
ously restricts the efficient allocation of innovation resources and the overall enhancement
of innovation efficiency, and affects the overall operational efficiency and quality of the
innovation system [51].

4.1.3. Governance Structure and Policy Implementation Barriers

This is the core barrier examined from the perspective of grassroots governance. First,
lax enforcement of environmental protection standards and local protectionism coexist, and
some regions are lax in regulating traditional adhesives in order to protect tax revenues and
employment, resulting in unfair competition for green technologies. Secondly, SMEs lack
the ability to transform, they lack the ability and resources to access policy information,
apply for green credit and carry out technological transformation. Thirdly, there is insuffi-
cient sectoral synergy, as the policy objectives and resources between the agricultural sector
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(raw materials), the industry and information sector (industry) and the environmental
protection sector (regulation) are not effectively integrated, resulting in insufficient policy
synergy. Finally, low public awareness and market acceptance, consumers have limited
knowledge of the health benefits of formaldehyde-free products and low acceptance of the
green premium, making it difficult to form an effective market pull [52].

4.1.4. Distribution Mechanism and Sustainable Development Challenges

At present, China’s economic and social development is facing multiple challenges
and structural contradictions. First of all, in the field of income distribution, the income
gap between different groups shows a continuing trend of widening, and the gap between
high- and low-income groups is deepening, while the current social security system is still
insufficient in terms of coverage and protection, and it is difficult to effectively play the role
of income redistribution adjustment. Secondly, in terms of resources and the environment,
the contradiction between the traditional exuberant development mode and ecological
environmental protection is continuously aggravated, the intensity of resource consumption
remains high, the environmental carrying capacity continues to be under pressure, and the
green low-carbon transformation faces a severe test [53]. Again, in the field of public services,
the uneven distribution of high-quality resources is prominent. For education, health care,
and other basic public services in urban and rural areas, there is a significant gap between the
regions, and some groups of people’s basic livelihood protection still needs to be strengthened
and improved. The existence of these structural problems not only restricts high-quality
economic development, but also affects the realization of social justice.

4.2. Systemic Policy Optimization Suggestions

In response to the above obstacles, this paper proposes a synergistic “technology-
policy-governance” framework covering the macro, meso and micro levels to guide and
accelerate industrial transformation. The framework integrates the central government’s
strategic plan to develop new productivity and strengthen the construction of ecological
civilization, and aims to transform green technology breakthroughs into real industrial
competitiveness and people’s well-being.

4.2.1. Macro-Level: Building a Cross-Sectoral Synergistic and Incentive-Compatible
Institutional Environment

The macro-level focuses on top-level design, breaking down sectoral and regional
barriers, and creating a fair and efficient market environment and institutional safeguards
for the balanced development of green technological innovation and industry.

(1) Strengthen strategic planning and cross-sectoral synergistic mechanisms

Implement the top-level design of ecological civilization construction. According to
the spirit of the Fourth Plenary Session of the 12th CPC Central Committee, the research,
development and application of formaldehyde-free biomass adhesive will be incorporated
into the overall layout of the national ecological civilization construction and the key special
projects of the Tenth Five-Year Plan. Establish an inter-ministerial joint conference system
for the development of bio-based green materials, which is organized by the National
Development and Reform Commission, the Ministry of Ecology and Environment, the
Ministry of Industry and Information Technology, the Ministry of Agriculture and Rural
Development, the Ministry of Science and Technology and other departments, to coordinate
the supply of raw materials, technology research and development, industrial application
and environmental supervision, so as to form a synergistic policy and to avoid the problem
of “multiple governmental departments” government out of multiple departments”.
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Implement regional differentiated development strategy. Docking national regional
major strategies, the development of “biomass adhesive industry regional development
guidelines”. In the central and western regions, the use of rural revitalization funds and
industrial transfer funds, focusing on supporting the construction of straw and other
agricultural waste as raw materials for the adhesive industry clusters, to create a “planting—
storage—transformation—application” integrated circular economy model. In the eastern
coastal areas, encourage the use of advanced manufacturing base and market demand,
the development of high-performance biomass adhesive R&D and high-end equipment
manufacturing, the formation of “R&D in the East, application in the West” synergistic
pattern [54].

(2) Optimize innovation incentives and factor allocation policy

Stimulate the new quality productivity momentum, such as guiding enterprises to set
up a “green new quality productivity cultivation fund”, focusing on supporting the whole
chain of biomass adhesives from the laboratory pilot to industrialized scale production
research. Reform the management of scientific research funds, the implementation of the
“list of commanders” system, and encourage enterprises to take the lead in the formation
of innovation consortia. The implementation of R&D costs plus deduction, environmental
protection special equipment investment tax credits and other policies, and the first (sets)
of major technical equipment applications to provide insurance compensation.

Build a green financial support system. Guiding banking financial institutions to
expand the scale of green credit, and developing special products such as “green technology
conversion loans”. Encourage local governments and leading enterprises to set up green
industry guidance funds to attract social capital investment. Explore the formaldehyde-free
adhesive products into the green power trading and carbon emissions trading system, so
that its environmental benefits into economic gains [55].

4.2.2. Meso-Level: Cultivate Deeply Integrated and Resilient Industrial Clusters and
Innovation Ecology

The meso-level focuses on the construction of industrial ecology, and further improves
the resilience and security of the industrial chain supply chain by “building clusters,
promoting integration and strengthening standards”.

(1) Promote industrial clustering and digital transformation.

Create a modernized industrial chain supply chain. In agricultural resource-rich areas
(e.g., Henan, Shandong) and advanced manufacturing bases (e.g., Yangtze River Delta,
Pearl River Delta), plan and build a number of provincial-level “formaldehyde-free biomass
adhesive eco-industrial demonstration parks”. Promote the coupling and symbiosis among
enterprises in the park, and realize the sharing and recycling of raw materials, energy
and infrastructure.

Empowering the transformation of industrial intelligence and greening. Combined
with the deployment of intelligent manufacturing and green manufacturing in the Tenth
Five-Year Plan, encourage enterprises to apply industrial Internet, big data and artificial
intelligence technologies to build “digital twin factories”, optimize production processes,
and achieve precise carbon control and emission reduction. Support industry associations
to build “green supply chain management platforms”, and promote downstream house-
hold and building materials leading enterprises to prioritize the procurement of certified
formaldehyde-free panels to form a market pull.

(2) Build an innovation community for the deep integration of industry, academia, re-
search and financial mediation.
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Establishment of “biomass adhesive industry technology innovation strategy alliance”.
The alliance is guided by the government, industry-leading enterprises, top research in-
stitutes and universities jointly initiated, responsible for condensing industry common
technical problems, organizing joint research and development of group standards. The es-
tablishment of a “patent pool” reduces the transaction costs of innovation and cooperation.

Strengthen scientific and technological services and talent gathering, and build a
benign ecology of “attracting talents through platforms and retaining talents through
services”. In key industrial clusters, the core is to build a national innovation platform
integrating technology research and development, results transformation and industrial-
ization services, providing one-stop services for enterprises and reducing R&D costs by
sharing equipment and data [56]. It focuses on strengthening the construction of pilot bases,
solving the interface problems between laboratory results and large-scale production, and
accelerating technology iteration. The implementation of precise talent program, promote
the platform and leading enterprises to set up “industry professor” positions, to attract
college scholars with technology stationed; at the same time, linked to vocational colleges
and universities, to carry out “artisan star” and other order cultivation, forging technical
and skilled personnel. Through the “platform + talent” mode, the deep integration of inno-
vation elements and talent elements is realized, forming a virtuous cycle of “converging
talents with platforms and driving innovation with talents”, providing core kinetic energy
for industrial upgrading [57,58].

4.2.3. Micro-Level: Innovating Grass-Roots Governance Mechanisms for Joint Construction
and Shared Benefits

The micro-level focuses on the “last kilometer” of policy implementation, and by
stimulating the vitality of the grassroots, it ensures that the fruits of green transformation
will benefit the wider public, and realizes the unity of environmental benefits, economic
benefits and social benefits.

(1) Deepening grass-roots governance and benefit linkage mechanisms

Promote the “government (collective) leadership + cooperatives + enterprises” model.
At the township level, the village collective organization led the establishment of straw
collection, storage and transportation professional cooperatives, and adhesive production
enterprises to establish a long-term stable order relationship. Explore the reform of “re-
sources into assets, capital into shares, farmers into shareholders”, allowing farmers to share
in straw resources, sharing the value-added benefits of the industrial chain. This move
directly echoes the strategy of rural revitalization and promotes the common prosperity of
farmers and rural areas.

Empowering small and medium-sized enterprises and new business entities. The
grassroots government has set up a “Green Transformation Service Window” to provide
SMEs with one-stop policy interpretation, credit guarantee application and guidance on
technological transformation. Local tax exemptions or special incentives are given to SMEs
that actively adopt green technologies and materials.

(2) Promoting public participation and green consumption trends

Carry out the “Green Living Action for All”. Publicize the health benefits of
formaldehyde-free home environments and incorporate them into theme activities such
as the National Ecology Day. Encourage communities, schools and shopping malls to
carry out formaldehyde-free product experience and knowledge popularization. Support
grassroots environmental organizations and volunteers to participate in monitoring.

Establish a green traceability system for the entire life cycle. Develop a simple and
easy-to-use “green home traceability APP” or small program, docking product carbon
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footprint labeling system, so that consumers can query the type of adhesive, source of
raw materials, carbon emission reductions and other information, through the consumer’s
“vote with their feet” to force Through the consumer “vote with feet” to force industrial
upgrading, forming a virtuous cycle of green consumption pulling green production.

In summary, the key challenges in industrializing biomass adhesives and correspond-
ing policy recommendations are presented in Table 3.

Table 3. Summary of main challenges and related policy recommendations for industrialization of
biomass adhesive.

Main Challenges Specific Manifestations Corresponding Policy Suggestions

Cost Pressure High raw material purification cost, high
energy consumption in production process

1. Provide financial subsidies for raw material collection
and processing; 2. Support the development of

low-energy production technology through R&D grants

Performance Stability Insufficient water resistance, poor storage
stability, uneven product quality

1. Improve national standards for formaldehyde-free
adhesives (supplement stability indicators); 2. Establish

a product quality certification system

Policy Coordination
Disconnected policies among agriculture,

industry, and environmental
protection sectors

1. Establish an inter-ministerial joint conference system;
2. Formulate regional differentiated policy packages

Market Acceptance Low consumer awareness, resistance to
green premium

1. Carry out public education activities; 2. Include
qualified products in green procurement catalogs

Innovation
Transformation

Weak connection between laboratory results
and industrial application

1. Support the construction of pilot demonstration
production lines; 2. Establish industry-university-research

innovation alliances

5. Conclusions
This paper systematically describes the research progress of formaldehyde-free

biomass adhesives, and analyzes it from the perspectives of technology, environment
and policy. The results show that the adhesive has significant potential for performance
enhancement, health improvement and resource recycling; its diffusion is constrained
by multiple barriers such as technical stability, cost and lack of policy synergy; the key
to breakthrough lies in the construction [7] of a synergistic framework of technology–
policy–governance to facilitate the transformation of laboratory results into industrialized
applications. In the future, the following issues need to be studied in depth: how to further
optimize the water resistance of adhesives and cost control to enhance market competi-
tiveness; how to design more effective cross-sectoral policies and incentives to promote
the broad participation of small and medium-sized enterprises. Continuous exploration of
these issues will provide key support for the industry’s green transformation.
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