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Abstract: With various countries setting strategic goals for peaking carbon emissions and achieving carbon
neutrality, the global demand for clean energy is showing an increasing trend. On the one hand, wind and solar
energy, as the two main pillars of renewable energy, are widely promoted due to their clean and low-carbon
environmental benefits. However, the intermittency and instability of these two types of energy have become the
primary causes of challenges in new energy consumption and grid integration. On the other hand, a large amount
of agricultural waste is produced globally each year, and biomass energy has huge potential. However, in our
country, agricultural waste cannot be effectively utilized, one of the important reasons is that the transportation
of raw materials is difficult, and some power plants opt to pulverize straw before transporting it, but the straw
crushing consumes a lot of energy. This article proposes an innovative model: The straw-crushing plant is combined
with the wind power station, and the straw is crushed by abandoning wind and light. This collaborative energy
storage mode will effectively alleviate the dual problems of new energy consumption and agricultural waste
management. This article, through the analysis of relevant data research indicates that provinces represented by
Henan, Hebei, and Shandong not only boast abundant straw resources but also lead in total installed wind and solar
power capacity. Rough estimates reveal that Henan Province wastes 1.2 billion kWh of wind and solar power
annually, while Hebei Province discards 4 billion kWh yearly. This curtailed wind-solar-straw energy storage
system can increase renewable energy utilization efficiency by 3—4%. Compared to traditional grid-based crushing
methods, it reduces energy costs for straw pretreatment by 30—40% and achieves a 15-20% reduction in carbon
emissions over its full lifecycle. This system offers an innovative approach to integrating renewable energy
integration with agricultural circular economy development. It holds a certain guiding significance for the field
of new energy consumption and storage.
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1. Introduction

Energy is the foundation for driving social progress. With the depletion of traditional energy sources such
as fossil fuels and their adverse environmental impact [1], countries worldwide are actively developing renewable
energy sources, which include the exploitation and utilization of wind, solar, hydropower, and biomass resources.
Due to the addition of various forms of power supply such as photovoltaic and wind power, China’s electricity
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continues to maintain a high-capacity level, but also thanks to the diversification and cleanliness of electricity
forms, China’s new energy automobile industry has a strong momentum of development [2]. In addition to the
use of wind and solar energy, China’s biomass energy development potential is also very large [3]. Biomass
resources are diverse and abundant, with a large amount of agricultural waste biomass generated globally each
year, including straw, dead branches, fallen leaves, etc. [4]. The transformation and utilization of biomass resources
have become a popular research topic today [5—7]. Many scholars are dedicated to the transformation research
of agricultural waste, and the available agricultural waste biomass is used to produce biogas, hydrogen, fertilizer,
and new high-value-added materials [8]. Chuen-Shii Chou and colleagues used crushed rice straws and rice husks
as raw materials to produce solid fuel briquettes [9]. Meng et al. explored the potential of producing high value-
added products by co-pyrolysis of mushroom waste mixed with pine sawdust and wheat straw [10]. Zhang Zhiping
investigated ultra-fine grinding of straw and studied the feasibility of hydrogen production using cellulase and
photosynthetic hydrogen-producing bacteria [11]. Yang Jiancheng and others utilized the CIP method to treat corn
straw, effectively breaking down cellulose and significantly promoting methane production [12]. In China, with
its enormous straw output, broad prospects for utilization, and significant economic benefits, especially in the field
of biomass energy conversion, straw is transformed into high value-added products through a series of
treatments [13,14]. Straw and other agricultural waste contain a large amount of cellulose and hemicellulose, which
are globally recognized as difficult to decompose [15,16]. The presence of these substrates significantly increases
the difficulty of biomass development and utilization. In the development and utilization of biomass resources,
especially the utilization of lignocellulosic biomass, whether it is energy conversion to produce biomethane [17]
and biohydrogen, or material conversion to produce carbon fiber reinforced materials that can be used in the
automotive industry, throughout the entire conversion process, the crushing process plays a crucial role [18].
Crushing not only improves the bulk density of straw [19], reducing transportation costs, but also fragments the
straw into fine particles. The physical and chemical properties of lignocellulosic biomass are changed, such as
the specific surface area increasing, etc., so that it shows stronger biological accessibility and material properties.
Therefore, optimizing the straw crushing process and reducing related energy consumption is of significant
importance for enhancing the economic viability and environmental sustainability of biomass energy conversion.
On the synergistic integration of wind/solar power with complementary energy storage technologies, Xuecen
Zhang et al. investigated the co-location strategy of integrating curtailed wind power with compressed air energy
storage (CAES) to mitigate wind curtailment in the UK power system. Their study demonstrated this approach
enhances wind power dispatchability through energy time-shifting, but highlighted CAES’s inherent limitations
in providing fast-ramping capabilities to address sub-hourly wind power fluctuations [20]. Jingze Yang et al.
optimized the design parameters for utilizing curtailed wind and solar power in hydrogen production via water
electrolysis under varying operational conditions. Their analysis demonstrated a levelized hydrogen production
cost of 7.94 USD/kg at a hydrogen supply loss probability of 0.1. However, the study failed to address the local
water resource availability and lacked a comprehensive economic analysis of water consumption for electrolysis
processes—a critical oversight given that water requirements typically range from 9 to 12 L per kg of hydrogen
produced in commercial PEM electrolyzers [21].

2. Application of Biomass Resources in Automotive Industry
2.1. The Application of Bio-Oil in Automotive Industry

Biofuels are derived from renewable organic matter such as corn, sugar cane, and algae [22]. Compared
to conventional fossil fuels, their combustion releases fewer greenhouse gases and contributes more to
reducing overall carbon emissions [23]. In recent years, with the acceleration of the dual-carbon strategy, the
application of biofuels in the automotive industry has become a hot topic. Adding biofuels to the automotive
industry system can reduce dependence on fossil fuels and improve the security and stability of the energy
supply. Federico Millo et al. studied the impact of mixed diesel and ordinary diesel added with biofuels on
the performance of automobile engines and found that under specific conditions, diesel added with biofuels
can reduce the emission of carbon monoxide and hydrocarbon mixture [24]. Although the performance and
efficiency of the engine using biomass fuel will be reduced, the characteristics of low sulfur oxide emissions
and low particulate pollutants (PM) emissions are still worthy of further study [25]. Biomass fuel made from
algae is the second-generation fuel, and compared with other biomass, algaec show great advantages in cost
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and scale application [26]. However, in some countries, biomass fuel still has some problems in raw
materials. Luke O. Ajuka et al. took Nigeria as an example to demonstrate the challenges of using cassava
waste as biomass fuel in the country, including insufficient cassava production and large planting areas [27].
On the other hand, many studies have pointed to the modification of biofuels for a wider range of application
scenarios. Borman studied the characteristics of rapeseed oil after hydrotreating, and this modified biomass
fuel is more suitable for traditional cars and trucks [28]. In addition, some researchers mixed biofuels derived
from plants such as Jatropha curcas with commercial diesel and compared the exhaust temperature, smoke
density, carbon monoxide (CO), hydrocarbon (HC), carbon dioxide (CO,), and nitrogen oxide (NO,)
emissions of raw diesel and different proportions of biodiesel under different loads. The results show that
when jatropha curcas oil is mixed with commercial diesel, the nitrogen oxide emission of pure biodiesel is
significantly reduced, and it has lower specific fuel consumption and higher braking thermal efficiency [29].
Overall, biofuels have great potential in automotive applications and may play an important role in the near
future, and the application of biofuels in the automotive industry is a viable way to achieve the Sustainable
Development Goals. Of course, there are still problems of low combustion efficiency, and inconvenient
preparation, storage, and transportation of biomass fuel. While challenges remain, continued technological
advances and policy support are expected to ease these barriers. As the industry continues to evolve, the role
of biofuels is likely to expand, contributing to a greener and more resilient automotive future.

2.2. Application of Bio-Based Materials in the Automotive Industry

In recent years, with the increasing demand for sustainable and environmentally friendly materials in
various industries, driven by reducing carbon footprint and reducing dependence on fossil fuels, the
application of bio-based plastics in the automotive industry has also received increasing attention. Bio-based
plastics, with their low carbon footprint and low pollution, can provide solutions to the environmental
challenges posed by conventional plastics [30]. For example, bio-based food plastics, bio-based industrial
materials, etc., the development of bio-based plastic materials is crucial for the sustainable development of
various industries [31]. Manggar Arum Aristri et al. studied tannin obtained from biomass to produce PU,
which can be used to improve the mechanical and thermal properties of materials in automotive and other
industries [32]. In view of the application limitations of biobased materials, Tizazu Mekonnen et al.
introduced the performance improvement of common plasticizers on biobased materials [33]. Elisa Zini et al.
gave a comprehensive overview of green composites, focusing on the advantages of natural fiber-based
polymer composites and bio-based polymers in environmental protection. The development of thermoplastic
and thermosetting biobased polymers has provided new options for sustainable materials in the automotive
manufacturing industry. The application potential of lignin as a reinforcing agent for plastic composites was
also discussed [34]. Dias et al. prepared samples mixed with lignin powder and polypropylene. Through
physical, mechanical, and thermal properties tests, the results show that the lignin powder-added
polypropylene composites exhibit excellent properties and are suitable for various industrial applications,
especially in the field of engineering plastics replacement where critical mechanical properties are required,
demonstrating the mechanical properties potential of bio-based plastics in automotive applications [35]. Taiqu
Liu et al. studied coconut peel as the core material of the composite sandwich structure and compared the
energy absorption behavior of glass fiber-reinforced plastic plate and carbon fiber-reinforced composite plate.
The results show that the energy absorption per unit weight of sandwich structures with glass fiber-reinforced
plastic plates is higher than that of carbon fiber-reinforced composite plates, which proves the superiority of
these new biocomposites in terms of energy absorption and mechanical properties [36]. Overall, the shift
from traditional plastics to bio-based plastics offers new opportunities for global economic growth and
sustainable development, especially in key areas such as automotive engineering. This shift will not only help
reduce dependence on fossil resources but also promote the development of environmentally friendly
products and push the industry in a greener, low-carbon direction [37]. By using bio-based materials instead
of traditional materials, the automotive industry can contribute to a greener environment and low-carbon
economy, bringing brighter prospects for automotive development.
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3. Research Status of Straw Crushing Technology

Currently, the primary methods of straw crushing technology are mechanical and physical [38,39], such
as hammer milling: where hammers shatter the straw through impact force during high-speed rotation. The
shape and quantity of the hammers can be selected and adjusted according to the type and moisture content of
the straw to achieve the desired crushing effect [40,41]. This method typically requires the hammers to rotate
at high speeds and with a certain amount of force, and it is usually effective for materials with larger
particles. Ball milling: Similar in principle to hammer milling, grinding balls collide and compress the
material to induce strain, thereby achieving material fragmentation [42]. This method usually yields a sample
that is ground thoroughly and uniformly. Blade crushing: This involves cutting the material through the high-
speed rotation of blades. For instance, Lang Wen and others used a crusher to process straw in their study on
incorporating straw into concrete experiments, obtaining suitable samples [43]. This method is relatively
common but is only applicable to materials after drying. Most of these straw-crushing methods share a
common problem: the more uniform and finer the straw sample, the higher the energy consumption required.
Taking the laboratory Baixin LG-500A crusher as an example, with a power of 1.4 kW, a capacity of 500 g,
and a speed of 25,000 rpm, crushing straw to 200 mesh consumes about 1 kWh of electricity for processing
around 10 kg of straw. 1 kWh equals 3.6 MJ of energy, while the complete combustion of 10 kg of straw can
release 140—150 MJ of energy, under normal circumstances, it is possible to produce 0.33 cubic meters of
hydrogen. The world generates over 2 billion tons of straw annually. Calculating this figure, crushing all this
straw would require 2 trillion kilowatt-hours of electricity, which is incredible. If the sample is required to be
too fine, the energy consumed by electric power and other processes may exceed the biomass energy that can
be converted, which is economically irrational. However, the finer the straw, the greater its bulk density,
which results in a faster reaction rate in hydrogen production reactions and yields better value-added
products. This phenomenon is called the “trade-off between crushing degree and reaction rate” [44].

These two factors balance the development and utilization of biomass energy, becoming a bottleneck in
the current development of biomass energy. Future research needs to focus on developing new low-energy
crushing equipment and finding sources of low-cost electricity to achieve energy-efficient and high-efficiency
biomass crushing processes.

4. The Application of Wind and Photovoltaic Power in Biomass Crushing

Wind and photovoltaic power, as important components of renewable energy, have extremely abundant
reserves. The common characteristics of these two types of energy are that they are clean, renewable, and
have extremely low carbon emissions, making them very suitable for replacing traditional fossil fuel energies.
In recent years, the total installed capacity of wind and solar power across the country has grown rapidly. The
widespread promotion of wind and solar power generation has effectively eased the global warming problem
caused by the combustion of fossil fuels, holding significant importance for dual-carbon strategic goals.
However, wind and solar power generation are greatly affected by regional environmental factors, resulting in
fluctuations in power generation, difficulties in grid connection, and issues with consumption, also known as
the problems of wind and solar power curtailment [45,46]. Wind and solar power curtailment refers to the
phenomenon where electrical energy generated from wind and photovoltaic power cannot be consumed due
to grid load limitations or insufficient transmission capacity. This phenomenon is particularly common in
regions where wind and photovoltaic power are rapidly developing [47]. The existence of wind and solar
power curtailment not only reduces the utilization efficiency of renewable energy but also diminishes the
economic benefits of investment. According to the latest data released by the National Renewable Energy
Consumption Monitoring and Early Warning Center, in the first half of 2024, China’s wind power utilization
rate reached 96.1%, and the photovoltaic power generation utilization rate was 97.0%. Despite significant
progress in new energy consumption since the introduction of relevant national policies in 2018, new
challenges continue to emerge amidst constantly changing market and technological environments [48].

To address these challenges, the development strategy of combining wind and solar power generation
with energy storage technology is considered a long-term effective solution to the energy consumption
problem [49—51]. However, due to factors such as technological levels, the construction of traditional energy
storage facilities is enormously costly. The average storage cost per kWh in 2020 was 0.5 yuan,
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approximately equal to the electricity price per kWh. In some regions, the cost of energy storage investment
and construction per kilowatt-hour even exceeded the price per kilowatt-hour. This implies that the payback
period for energy storage is relatively long. In China, pumped hydro storage accounts for 90% of the energy
storage market [52,53], suitable for hydropower generation, while the share of storage for photovoltaic and
wind power is only about 10%. The primary reason for this situation is the high cost of building
electrochemical energy storage facilities and the long payback period for investments, which constrains the
development of the energy storage industry. In response to this issue, this article proposes a new model:
constructing straw-crushing plants near wind and photovoltaic power plants, utilizing unconsumed energy to
crush straw. On one hand, this solves the renewable energy consumption issue; on the other hand, it addresses
the high energy consumption problem of straw crushing. The idea of using curtailed wind and solar power for
biomass crushing is based on recognizing the potential value of these underutilized electrical energies. This
not only improves the overall utilization rate of wind and photovoltaic power but also provides a low-cost,
low-carbon energy solution for biomass crushing.

5. Feasibility Analysis of Biomass Energy Storage Using Wind and Solar Power Generation

In order to actively respond to the dual-carbon strategy, many provinces across the country have
accelerated the construction of new energy, and the total installed capacity of wind power and solar power
generation has continued to reach a new level. This paper collects data on wind and solar installations and
straw production in key provinces, conducting a feasibility analysis of biomass energy storage using curtailed
wind and solar power from the perspectives of geographical feasibility and economic viability.

As shown in Figure 1, in 2021, provinces with a total installed wind and solar capacity of over 20 million
kilowatts included Hebei, Shandong, and Inner Mongolia, which each exceeded 50 million kilowatts. Influenced
by terrain, regions east of the Taihang Mountains and along the southeast coast, including Hebei, Henan,
Guangdong, Zhejiang, and other provinces and cities, are rich in wind energy resources. Affected by weather
patterns, photovoltaic power generation is concentrated in Xinjiang, Qinghai, and other regions. As shown in
Figure 2, the total volume of straw resources across major regions of the country is primarily distributed in North
China, Northeast China, and the middle and lower reaches of the Yangtze River [54]. These areas coincidentally
are the main grain-producing regions of the country, with Heilongjiang, Hebei, Shandong, Henan, and others
ranking at the top in terms of straw volume nationwide. These regions boast not only abundant wind and solar
resources but also plentiful straw resources. Therefore, in regions such as Henan and Hebel, it is feasible to utilize
curtailed wind and solar power for straw crushing and biomass energy storage.

In 2023, Henan Province had a wind power utilization rate of 96.8% and a photovoltaic power
utilization rate of 97.7%, with the total annual wind and solar power generation reaching 40 billion kWh.
After calculation, it was determined that in 2023, Henan Province wasted over 1.2 billion kWh of electricity
due to curtailed wind and solar power. This amount of electricity could have been used to crush at least
12 million tons of straw. According to statistics, in 2023, the total production of various crop straws in Henan
Province reached more than 79 million tons. If calculated at 0.5 yuan per kWh, collecting this curtailed wind
and solar power could save at least 600 million yuan in electricity expenditures for straw crushing, and
additionally generate 600 million yuan in extra revenue for power plants. In 2023, Hebei Province had a wind
and solar power utilization rate of 94.3%, and a photovoltaic power utilization rate of 97.5%, with the total
annual wind and solar power generation reaching 83.7 billion kWh. However, the abandonment of wind and
solar power resulted in a waste of 4 billion kWh of electricity. This curtailed energy could have saved at least
2 billion yuan in expenses and resolved the issue of curtailed wind and solar power. Utilizing curtailed wind
and solar power for straw crushing and biomass energy storage is very feasible economically.
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Figure 1. Provinces with straw production exceeding 20 million tons in 2021.
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Figure 2. Straw production by region.

6. Future Perspectives

The implementation of this comprehensive system requires advancements in three key areas:

Technological Innovation: Develop Al-based prediction systems for wind curtailment forecasting,

automatically monitor grid-side loads, and regulate power supply for crusher operations to maximize the

efficiency of wind and solar power generation.

Policy Framework: Encourage enterprises to develop biomass energy storage projects utilizing curtailed

wind and solar energy, and promote demonstration projects. Support the integration of such projects into the

national carbon trading market.
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International Standardization: Establish ISO certification standards for bioenergy storage efficiency
metrics (e.g., kWh/ton-CE, carbon sequestration index).

7. Conclusions

Through extensive research and sound argumentation, the idea of “Biomass Energy Storage”—utilizing
discarded wind and solar power to crush straw, reducing its bulk density, and indirectly storing electrical
energy within the biomass is raised. This model effectively lowers transportation costs, enhances subsequent
reaction rates, and improves the utilization rate of wind and solar power generation. This paper discusses the
feasibility of using discarded wind and solar power for biomass energy storage from both geographic and
economic perspectives. The results indicate that this model not only significantly improves the utilization rate
of wind and solar energy but also reduces energy consumption during biomass processing, decreases the
carbon footprint of the entire agricultural process, and promotes rapid development in biomass energy storage
and resource utilization. It has a positive significance for achieving dual carbon strategic goals.

Inspired by pumped-storage hydroelectricity, our team noticed the high energy consumption issue in
straw crushing during daily experiments. Finding a breakthrough in discarded wind and solar power, we
surveyed straw production in major provinces and cities across the country and collected data on the
utilization rate of wind and solar power generation in various regions. We argued for the rationality of
discarded wind and solar power storage from two main aspects, providing new insights for promoting
sustainable energy development. In the future, with technological advancements and policy support, this
strategy is expected to be more widely applied and promoted, making a significant contribution to achieving
dual carbon strategic goals.
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