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Abstract

Bioplastics are increasingly expected to function not only as alternatives to fossil-derived
plastics but also as components of circular plastic systems. However, currently bioplastics
remain limited by cost, feedstock availability, achievable biomass content, and end-of-life
compatibility. This review examines these limitations by organizing recent technological
and policy trends in bioplastics, with particular attention to Japan’s social and industrial
infrastructure. On this basis, we discuss a systems-level framework for circular plastics that
integrates regionally underutilized non-edible biomass, decentralized production concepts,
and the emerging possibility of cell-plastics based on unicellular green algae. We argue
that the practical dissemination of biomass plastics requires not only material development
but also compatibility with molding processes, recycling and biodegradation pathways,
and regional collection and treatment systems. In this context, cell-plastics derived from
Chlamydomonas reinhardtii are positioned as an emerging technological platform for direct
biomass utilization and interfacial material design, although their large-scale implementa-
tion remains limited by current cultivation and manufacturing constraints. We propose
that circular biomass-plastics systems in Japan should be developed as regionally adapted
production frameworks with clearly defined end-of-life pathways, rather than as simple
substitutes for petroleum-derived plastics.

Keywords: circular biobased plastics; multi-nodal decentralized plastic production model;
utilization of regionally unused biomass; cell-plastics derived from unicellular green algae

1. Current Status of Plastic Resource Supply Based on the Use of
Fossil Resources

Climate change and continued dependence on non-circular fossil resources have
intensified the need for alternative material systems with lower environmental burdens.
Atmospheric carbon dioxide concentrations have risen markedly since the pre-industrial
era, and recent assessments have emphasized the rapidly narrowing window for securing
a sustainable future [1-6]. At the same time, plastics remain indispensable because of
their versatility and broad range of applications. However, most plastics are still derived
from petroleum feedstocks, linking their production to finite fossil resources and carbon-
intensive industrial systems. Reducing dependence on this dependence and shifting toward
circular alternatives is therefore an important societal challenge.

Among the candidate alternatives, biomass is particularly attractive because it is
derived from atmospheric carbon and has long been studied as a renewable feedstock
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for materials and chemicals. In the petrochemical industry, naphtha has traditionally
served as a major feedstock for plastics and related products, underscoring the central
role of carbon feedstocks in modern materials production [7-11]. Accordingly, replacing
petroleum-based feedstocks with circular biomass-derived resources is of clear significance.
Bioplastics should no longer be viewed simply as substitutes for fossil-derived plastics, but
also as components of broader circular resource systems that must be evaluated in terms of
feedstock availability, processing feasibility, and end-of-life compatibility.

This review examine the practical implementation of bioplastics by summarizing
technological and policy trends in existing biobased plastics, evaluating decentralized
production models suited to Japan’s social infrastructure, and exploring potential of unicel-
lular green algae in cell-plastics and their integration with regional biomass resources. It
also discusses challenges related to molding processes, biodegradability evaluation, and
life cycle assessment (LCA). Using cell-plastics derived from unicellular green algae as
an illustrative example, we discuss a direct biomass utilization approach for plastics and
extend this concept to consider the strategic use of underutilized regional and industrial
biomass resources (Figure 1).

L. Concept of local biomass-use for biomass-plastics
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Figure 1. A substantially possible concepts of biomass plastic. Schematic illustration of the transition
from centralized production to multipolar decentralized production of biomass plastics, highlighting
the concept of biomass plastics based on the utilization of locally available biomass (I. Concept of
local biomass use for biomass plastics). Schematic illustration of biomass plastics produced directly
from regional biomass resources using cell-plastics as a research platform (II. Concept of biomass
plastics directly using local biomass).

Historically, bioplastics were developed primarily as renewable alternatives to
petroleum-derived feedstocks [12]. More recently, however, the focus has expanded beyond
simple substitution to include biodegradability, carbon cycling, and the broader circu-
larity of plastic-resource systems. Existing reviews have largely organized bioplastics in
terms of material classes, biodegradation behavior, or life cycle assessment [13]. In con-
trast, this review examines how these technological trends can be interpreted and applied
within Japan'’s specific social and industrial infrastructure, with particular emphasis on
the combined use of regionally underutilized biomass resources, decentralized production
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concepts, and the emerging potential of cell-plastics based on unicellular green algae. Thus,
rather than merely summarizing existing bioplastics, this review discusses a systems-level
direction for constructing a circular plastics framework adapted to Japanese industries
and regions.

2. Biobased Plastics as a Sustainable Resource Supply for Plastic
Production (With Biomass Naphtha as an Intermediary)

Plastics are synthetic polymeric materials primarily derived from petrochemical feed-
stocks and are commonly referred to as synthetic resins [14]. Their industrial development
began with semi-synthetic materials such as celluloid in the nineteenth century and ex-
panded with the advent of fully synthetic plastics such as Bakelite in the early twentieth
century [15-17]. Subsequent advances in polyolefin polymerization, including the develop-
ment of Ziegler-Natta catalysts, enabled large-scale plastic production and accelerated the
widespread adoption of plastics in modern society [18-20]. As a result of these technologi-
cal innovations, plastics became easier to process and more affordable, and they have now
become indispensable materials in modern society.

Plastics are highly versatile materials, but many plastic products are used in largely
disposable ways. Even durable engineering plastics eventually degrade through wear and
oxidation, are replaced, and are ultimately discarded. At present, more than 99% of plastics
are produced from fossil resources, primarily petroleum [21]. Most are manufactured from
naphtha and are rarely recycled [22], but are instead predominantly incinerated, releasing
carbon dioxide into the atmosphere. Current plastic production is therefore fundamentally
non-circular and continues to drive both greenhouse gas emissions and resource depletion.
A fundamental transformation of the existing system is urgently required.

To establish a circular and sustainable plastic production system, attention has increas-
ingly turned to biobased plastics derived from renewable biomass resources [23]. Biomass
is a renewable carbon resource, and the biomass industry has been suggested to contribute
to climate change mitigation [24]. The term “biomass” is used in multiple contexts: in ecol-
ogy, it refers to living organisms themselves, whereas in the context of biomass utilization,
it refers to materials produced by biological activity [23]. Furthermore, depending on the
context, biomass produced by organisms can refer to plant-derived materials [25], plant
and algal materials [26], or materials produced by plants and animals [27].

In recent years, industrial bioplastic production has largely relied on converting
biomass into biomass naphtha, which is then used as a feedstock for plastic monomer
production. Biomass naphtha serves as a renewable alternative to fossil naphtha for
the production of polyolefins (PE/PP). Pilot-scale production began in late 2010s, and
commercial-scale production of polypropylene and polyethylene derived from biomass-
based feedstocks commenced in Germany in 2019 [28]. Biomass naphtha currently pro-
duced mainly by thermochemical conversion of biomass—such as corn, sugarcane, wood
chips, and vegetable oils—followed by separation and purification.

A major advantage of biomass naphtha is its compatibility with existing petrochem-
ical infrastructure. It can be processed in conventional naphtha crackers without major
modification, and the resulting monomers are chemically indistinguishable from those
derived from petroleum. This compatibility has enabled the widespread use of the mass
balance approach in bioplastic manufacturing, in which the proportion of biomass-derived
feedstock introduced into a system is allocated to end products through certified accounting
schemes [29]. This approach has played a significant role in accelerating the adoption of
biobased plastics.

However, biomass naphtha remains constrained by limited physical supply [30].
In addition, indicative offer prices in 2022 were approximately USD 2700-3200 per ton,
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corresponding to four to five times the price of fossil naphtha. Given these limitations,
producers often prefer to market bioplastics with relatively high, but not necessarily 100%,
biomass content through mass balance allocation rather than supply fully biobased plastics
in small volumes.

Nevertheless, if bioplastics are to contribute meaningfully to long-term sustainability
goals rather than merely commercial branding, plastics with high biomass must be pro-
duced. The limited supply of biomass-derived feedstock therefore creates a strong need for
stable and scalable routes to bioplastic raw materials. As a result, increasing attention has
been directed toward production pathways that do not rely on biomass naphtha.

3. Biodegradable Biobased Plastics for Sustainable Plastic Resources

When assessing the sustainability of plastics, it is essential to account not only for
production but also environmental fate after use, including biodegradability in the environ-
ment. With increasing concern over plastic leakage into natural ecosystems, microplastics
smaller than 5 mm have attracted global attention because of their adverse effects on inges-
tion, tissue accumulation, oxidative stress, and organismal growth and reproduction [31,32].
Therefore, environmental biodegradability is a critical consideration in sustainable plas-
tic use. Modern biobased plastics are expected not only to reduce dependence on fossil
resources but also to decrease the fraction of persistent plastic waste in the environment [33].

Early biobased plastics—including historically important PHB—were developed pri-
marily as alternatives to petroleum-derived plastics, with less focus on biodegradability
or carbon cycling. However, widely used commodity plastics such as polyethylene (PE),
polypropylene (PP), polyvinyl chloride (PVC), and polystyrene (PS) are highly recalci-
trant and persist in the environment in large quantities [34], posing significant ecological
risks [35,36]. In particular, non-biodegradable plastics like PE remain in marine ecosystems
for long periods, where they enter food webs and act as physical and chemical stressors [37].

Biodegradable plastics are generally defined as plastics that can be degraded by
microorganisms in the environment, regardless of whether their feedstocks are petroleum-
based or biomass-derived [38,39]. Representative examples include polyhydroxyalkanoates
(PHAs), polylactic acid (PLA), and polycaprolactone (PCL). However, biodegradability
depends strongly on polymer structure, microbial and enzymatic activity, and the disposal
environment [12]. Some materials are primarily assessed under controlled composting
conditions, whereas the same materials may degrade much more slowly or incompletely in
home-composting, soil, freshwater, or marine environments. Accordingly, biodegradation
time cannot be generalized across all biodegradable plastics, because both the rate and
extent of degradation vary substantially depending on the polymer type and the disposal
environment. Moreover, the degradation products discussed in the literature are not always
equivalent, and complete mineralization to carbon dioxide, water, and biomass should be
clearly distinguished from partial deterioration, fragmentation, or surface erosion. These
limitations also help explain why biodegradable biobased plastics have not been imple-
mented uniformly worldwide: their effective use often depends on the availability of
appropriate collection and industrial composting infrastructure, clear waste sorting, and
application-specific end-of-life management [40—42]. Therefore, discussions of biodegrad-
able biomass plastics should address not only whether a material is biodegradable, but
also under what conditions, by which degradation pathway, and to what endpoint that
biodegradability is demonstrated [43]. Representative biodegradable biobased plastics are
summarized in the following subsections.

Among representative biodegradable biobased plastics, biodegradation behavior,
likely degradation routes, and practical end-of-life constraints differ substantially [12,42,43].
PHAs are generally regarded as the most broadly biodegradable major bioplastics, because
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many bacteria and fungi can depolymerize and mineralize them under soil, freshwa-
ter, marine, sludge, and compost-related conditions, although the degradation rate still
varies with polymer composition, crystallinity, specimen thickness, and local microbial
communities [12,43]. By contrast, PLA is often discussed as a biodegradable plastic, but
its efficient biodegradation is usually associated with thermophilic industrial-composting
conditions; under ambient soil, freshwater, or marine environments, degradation is often
much slower, and hydrolysis, oligomer formation, and subsequent microbial assimilation
should not be conflated with rapid complete mineralization [12,42]. PCL is also susceptible
to microbial and enzymatic degradation, but its degradation behavior likewise depends
strongly on molecular weight, crystallinity, blend composition, and environmental exposure
conditions [42,43]. Therefore, even among representative biodegradable plastics, neither
degradation rate nor degradation endpoint can be generalized, and the reported outcomes
may range from molecular-weight reduction and surface erosion to oligomer/monomer
formation and complete mineralization to carbon dioxide, water, and biomass [12,42].
These differences also mean that application design and end-of-life management cannot be
uniform across materials, because the suitability of industrial composting, organic recycling,
or integration with existing waste-treatment systems depends on the specific polymer and
disposal environment [42].

3.1. Polyhydroxyalkanoates (PHAs)

Polyhydroxyalkanoates (PHAs) are among the best-known biodegradable bioplastics.
Their major representative, polyhydroxybutyrate (PHB), is an aliphatic polyester that can
be mineralized by many environmental microorganisms to carbon dioxide, water, and
biomass [44-46]. PHB was identified in the early twentieth century and later recognized as
an intracellular storage compound in microorganisms, which stimulated the development
of microbial fermentation processes for PHA production [44,47].

Industrial interest in PHAs expanded from the 1980s onward. A notable milestone
was the scale-up of P(3HB/3HV), a copolymer of PHB and 3-hydroxyvalerate with im-
proved toughness [48]. PHAs attracted attention because they combine biodegradabil-
ity with material properties partly comparable to those of conventional plastics such as
polypropylene [46,49]. Later developments included commercial product applications and
growing interest in biomedical uses. By 2020, more than 150 types of PHAs had been
identified [50], and advances in non-sterile cultivation, mixed microbial cultures, and the
use of waste streams as feedstocks [51]. Research in the 2010s further expanded toward new
producer strains, engineered microorganisms with improved yields or tailored polymer
compositions, pilot-scale production from waste feedstocks, and new application fields [52].

3.2. Polylactic Acid (PLA)

Polylactic acid (PLA), synthesized in 1932 by W.H. Carothers of DuPont, has gained
attention as a biodegradable resin derived from renewable resources. PLA has a low
glass transition temperature (~60 °C) and faces challenges in heat resistance and impact
strength [53]. As a result, numerous material modification strategies have been explored.
Annealing can increase crystallinity and improve heat resistance [53]. Inorganic fillers such
as talc [54], calcium carbonate [55], nanoclay [56], and fibrous cellulose [57] have been used
for mechanical reinforcement and to improve toughness. Nanofillers also enhance fracture
resistance in inherently brittle PLA.

Owing to continued material and process development, PLA has become one of
the most widely supplied chemically synthesized biodegradable plastics [58]. Contin-
ued technological development has positioned PLA as one of the most widely supplied
chemically synthesized biodegradable plastics today. However, from an end-of-life perspec-
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tive, efficient biodegradation of PLA is generally associated with thermophilic industrial-
composting systems, whereas substantially slower degradation is often reported under
unmanaged or ambient environmental conditions; this dependence on appropriate collec-
tion, sorting, and composting infrastructure is one reason why its global implementation
remains uneven.

3.3. Polycaprolactone (PCL)

Polycaprolactone (PCL) is a biodegradable aliphatic polyester with a low melting
point (~60 °C), high ductility, and excellent processability [59]. PCL is compatible with
conventional molding processes such as injection molding, extrusion, melt spinning, and
FDM-type 3D printing [60]. Due to its flexibility and impact resistance, it is widely used both
as a standalone material and as an impact modifier or plasticizer for other biodegradable
polymers such as PLA and PBS [59].

In biomedical applications, PCL’s high biocompatibility and slowly progressing enzy-
matic/microbial degradability have enabled its application in drug delivery systems, tissue
engineering scaffolds, bone fixation materials, and sutures [61,62]. Although its low heat
resistance and moderate mechanical strength limit certain uses, reinforcement through fiber
composites, copolymerization, and nucleating agents is actively being investigated [63].
PCL continues to expand its presence across industrial, medical, and educational domains.
Since the discovery of Aureobasidium pullulans as a PCL-degrading bacterium in 1974 [64],
multiple PCL-degrading strains have been reported, and a range of studies has examined
the effects of molecular weight, crystallinity, film thickness, and environmental microbial
communities on degradation behavior [33,65-68]. PCL has also been industrially produced
as blends with starch [69].

More broadly, the case of PCL highlights a recurring limitation of current biodegrad-
able bioplastics: many still depend on centralized industrial production and agricultural
feedstocks that may compete with food resource. Future development will therefore need to
accommodate variability in waste biomass feedstocks and the flexible processing conditions
required in regional and small-scale manufacturing settings.

4. Global Trends in Biobased Plastics and Japan’s Strategic Response

Globally, biobased plastics still account for only a small fraction of total plastic produc-
tion (Figure 2); however, both production capacity and market size are growing steadily.
According to 2024 data from European Bioplastics, global bioplastic production capacity is
projected to expand from approximately 2.47 million tons in 2024 to about 5.73 million tons
by 2029—more than doubling within five years—with 45% of applications concentrated
in food packaging and related packaging sectors [70]. In recent years, both bio-based
drop-in plastics such as bio-PE and bio-PET, and biodegradable plastics such as PHA,
PLA, and PBS have grown significantly. Notably, some reports indicate that biodegrad-
able bioplastics comprise more than half of global bioplastic production as of 2024 [71].
Driven by stricter environmental regulations and corporate carbon-neutrality commitments
worldwide, annual growth rates of 10-20% are anticipated through around 2030 [72].

In response to these global trends, Japan has accelerated efforts on both the policy
and industrial fronts. The Ministry of the Environment’s Plastic Resource Circulation
Strategy adopts “3R + Renewable” as a core principle and sets a national target to introduce
approximately 2 million tons of biobased plastics annually by 2030. As part of this initiative,
Japan formulated the Bioplastic Introduction Roadmap in 2021. The roadmap highlights
that domestic use of bioplastics was only 40,000-50,000 tons per year in the mid-2010s,
indicating the scale of expansion needed to reach the 2030 target. In practice, of the roughly
10 million tons of plastics used annually in Japan, biobased and biodegradable plastics
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amount to only around 80,000 tons—revealing major challenges in supply volume, cost
competitiveness, and application development.

Biomass Biomass-based material Biomass-based plastic Category
Corn Ethylene Polyethylene
Sugar beet 375 kt (2013) [73] 200  kt (2018) [75]
Sugar cane 260 kt (2023) [74] 249  kt (2019) [76]
Blackstrap molasses 250  kt(2019) [77]
...etc 190  kt (2024) [78]
293kt (2025) [79] Polyolefin
Sugar cane Propylene Polypropylene
Vegetable oil 20 kt(2019) [76]
. efc 10 kt(2024) [78]
23 kt(2025) [79]
49.18 kt (2025) [80]
Corn Terephthalic acid Polyethylene terephthalate
Sugar beet 561  kt (2018) [75]
Sugar cane ...etc 210  kt (2019) [76]
210  kt (2019) [77]
Corn Ethylene glycol 56 kt (2024) [78]
Sugar beet 69  kt(2025) [79]
Sugar cane ...etc
Corn Lactic acid Polylactic acid
Sugar cane 280  kt (2024) [78]
Cassava ...etc 610  kt (2025) [79] Polyester
Volatile fatty acids Polyhydroxy alkanoate
Waste oils .. .etc 110  kt (2025) [79]
Corn Poly(3-hydroxybutyrate-
Sugar cane co-3-hydroxyvalerate)
Plant residue ...etc 2.000 kt(2018) [81]
Corn Succinic acid Polybutlylene succinate
Sugar cane  ...etc 30 kt (2025) [79]
Corn 1,4-Butanediol
Sugar cane  ...etc

Figure 2. Annual producing capacities of materials and plastics deriving from biomass. Biomass
plastics that have attracted increasing attention in recent years were broadly classified into polyolefin-
based and polyester-based types. Based on this categorization, “biomass-based plastics” were
further classified, and their constituent “biomass” and “biomass-based materials” were systematically
described [73-81].

On the industrial side, major Japanese chemical manufacturers are expanding develop-
ment and investment aimed at both domestic international markets. For example, Kaneka
Corp. has announced a target of more than 50,000 tons per year of PHB production [82],
while Kobe Fine Chemical Co., Ltd., aims to supply approximately 10,000 metric tons
of PLA annually in the Japanese market by 2030 [83]. As a result, bioplastic materials
developed in Japan are gaining practical applications in food packaging, textiles, auto-
motive components, and other sectors. At the same time, even biobased materials must
ensure environmental performance over the entire life cycle, including compatibility with
recycling systems.

At the same time, the expansion of biobased plastics requires environmental perfor-
mance across the full life cycle, including compatibility with recycling systems. “Bio-based”
and “biodegradable” are distinct concepts and should not be conflated in discussions of
circularity [12,84]. Drop-in bioplastics such as bio-PE and bio-PET are chemically identical
to their fossil-derived counterparts and can therefore, in principle, be integrated more read-
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ily into existing recycling streams. By contrast, biodegradable plastics such as PHA, PLA,
PBS, and PCL must be matched carefully to the application, collection and sorting systems,
and existing recycling infrastructure [85]. Compostability does not imply recyclability,
and one suitable end-of-life route does not guarantee another. For this reason, intended
end-of-life pathways should be defined at the design stage.

Japanese policy documents explicitly identify key issues such as the use of mass
balance approaches, prioritization of applications by societal impact, and the mobilization
of regional biomass resources [86]. This distinction is particularly important in Japan,
where end-of-life management must be aligned not only with material properties but also
with the practical constraints of regional collection, sorting, and processing systems [42].

Overall, biobased plastics are shifting globally from a niche category to a growing
industrial segment. While pursuing the ambitious 2-million-ton target for 2030, ref. [87]
is seeking to respond to this trend through coordinated advances in policy, technology,
and supply-chain development. Importantly, given Japan’s resource constraints—limited
petroleum reserves, restricted agricultural land, and a geographically dispersed popula-
tion and industry structure—Japan also provides a relevant context in which to examine
for a “residue-based, decentralized bioplastic production model” that leverages unused
biomass and regional production networks. Thus, examining bioplastic strategies aligned
with Japan’s social and industrial infrastructure is of critical importance.

5. Concept of Biobased Plastics Adapted to Japan’s Social Infrastructure

Although biomass is abundant in Japan, the wider adoption of biobased plastics has
been hindered by several structural factors. These include the spatial mismatch between
biomass supply sites and bioplastic feedstock production facilities, as well as the need
to apply chemical conversion processes essentially equivalent to those used for conven-
tional plastic feedstocks. For this reason, Japan may be better served by appropriately
scaled, regionally distributed production systems than by large-scale centralized produc-
tion. Greater production volume does not necessarily translate into higher overall efficiency,
because long-distance transport from production sites to dispersed consumption sites can
impose substantial energy, labor, and time costs. Accordingly, effective systems must match
regional plastic demand with locally available biomass resources.

Wider deployment may also require reconsidering the performance expectations im-
posed on some plastic products. In selected applications, strict purity specifications may
not always be necessary, provided that the required material performance is maintained. As
long as the material satisfies the required material performance, a certain degree of variabil-
ity in purity and the resulting material properties should be acceptable. If such variability
can be tolerated, production processes for biobased plastics can be simplified, and produc-
tion processes may be simplified and local implementation made more feasible—thereby
enabling broader deployment. Based on criteria such as non-edibility, supply stability,
compatibility with regional brands and local economies, and compositional suitability of
biomass residues as plastic materials, the following section discusses potential biomass
supply and utilization schemes within Japanese regional communities.

According to an October 2024 report by the Statistics Bureau of Japan [88], 35.8%
of the national population resides in the Tokyo metropolitan area (one metropolis and
seven prefectures), and 16.3% in the Kinki region (two prefectures and four prefectures),
indicating a strong concentration of population in major urban centers. Nevertheless,
populations in other regions, although smaller in scale, are certainly present and cannot
be disregarded. Assuming that plastic demand is roughly proportional to population, the
demand for plastics in rural areas is likewise non-negligible and requires an appropriate
supply system.
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However, plastic feedstocks are often produced through microbial fermentation using
genetically modified organisms (GMOs), requiring substantial capital investment and
advanced containment systems to prevent GMO leakage. These constraints naturally favor
centralized production in areas where skilled personnel and continuous infrastructure
investment are more readily available. Under such a supply structure, serving dispersed
rural demand can impose high transport costs and make it difficult to respond flexibly to
local demand.

For this reason, transitioning away from a highly centralized structure toward a multi-
nodal, regionally distributed system may offer a useful conceptual direction for Japan’s
biomass-plastics strategy. In this review, this proposition is presented as a systems-level
perspective based on supply—demand distribution, transportation burden, and regional
resource availability, rather than as a quantitatively verified techno-economic conclusion.
To enable such distributed production, two conditions are essential: (1) the availability
of biomass resources at the local level, and (2) the establishment of simple, locally imple-
mentable production methods.

In recent years, various regions in Japan have begun to identify characteristic under-
utilized biomass resources that have potential carbon sources for bioplastic production
(Table 1). These resources differ markedly by region, reflecting local agricultural production
systems and industrial activities. For example, in the Tokachi region of Hokkaido, several
hundred thousand tons of wheat and potato starch-processing residues, beet pulp, and
lignocellulosic by-products are generated annually, providing a biomass stream in which
food-related residues and cellulose-rich residues coexist [89]. In the Uonuma region of
Niigata Prefecture, one of Japan’s largest rice-producing areas, substantial quantities of rice
straw are generated, and although most of it is incorporated into soil or composted [90], the
volume remains significant. In contrast, in the Higashi-Hiroshima region of Hiroshima Pre-
fecture, large quantities of rice husks and rice straw are produced; however, their utilization
efficiency remains low, and they cannot be considered fully exploited [91]. Additionally,
Inatomi reported the quantities of these biomass resources and suggested their potential
use as industrial feedstocks [92].

Table 1. Biomass availability and utilization by region in Japan.

Zone Reference . Availability Utilization
Biomass Type y
Prefecture Region Year yP (t/Year) (t/Year) Reference
Hvogo Tamba-Sasayama 2025 Rice straw 10,508 8932 [93]
yos Tamba-Sasayama 2015 Forest residues 3959 1391 [94]
. Tokachi 2022 Woody biomass 225,339 143,120
Hokkaido Tokachi 2022 Agricultural residues 566,201 290,058 [89]
Uonuma 2011 Rice straw 16,770 16,770
Rice husk/Buckwheat
Niigata Uonuma 2011 husk 3367 3367 [90]
Uonuma 2011 Thinning re§1dues/ Forest 3145 684
residues
Hiroshi Higashi-hiroshima 2021 Rice husk/Rice straw 30,869 3266 [91]
TOSIMA — Hioashi-hiroshima 2021 Forest residues 1416 0
Mitoyo 2011 Rice straw 12,191 12,191
Kagawa Mitoyo 2011 Rice husk 2636 2636 [95]
Mitoyo 2011 Forest residues 716 0
K ‘ Aso 2014 Rice straw 16,127 15,304 [96]
umamoto Aso 2014 Bamboo biomass 1595 8
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These regional characteristics suggest that such areas may serve not only as sources of
industrial residues but also as local biomass production clusters that are closely coupled
with regional ecosystems, agricultural practices, and industrial structures. This also indicate
that biomass currently used mainly for composting or other low-value applications could
be re-evaluated as a feedstock for higher-value material use.

Tamba-Sasayama City in Hyogo Prefecture provides an illustrative case. The region
possesses a production structure in which rice farming, black soybean cultivation, live-
stock production, and forestry co-exist, resulting in stable year-round supplies of multiple
biomass categories—such as rice straw, rice husks, black soybean pods, underutilized
bamboo, and wood-processing by-products. Additionally, the city is a typical mid-sized
regional city where production sites are concentrated yet also enjoy strong logistical access
to major metropolitan centers such as Osaka and Kobe. For these reasons, Tamba-Sasayama
exhibits characteristics highly suitable for testing a multi-nodal biomass circulation model.
Accordingly, the authors have been conducting research to establish localized produc-
tion and supply methods for biobased plastics, positioning Tamba-Sasayama as a “local
production for local consumption” model case for bioplastics within the Kinki region.

Tamba-Sasayama City is an inland municipality in Hyogo Prefecture with a population
of approximately 38,700 as of 2025 [97]. Owing to its location roughly midway between
the Seto Inland Sea and the Sea of Japan, the city is classified as having an inland climate,
with relatively low annual precipitation of around 1500 mm [97]. Geographically, the
city lies within the Sasayama Basin, which covers an area of 377.6 km?; because the
surrounding mountains forming the basin are uniformly low in elevation, the catchment
area is small [97]. For these reasons, the region has historically faced difficulty securing
agricultural water [98], and in the past, some paddy fields were abandoned from rice
cultivation without irrigation—known locally as “gisei-den” (“sacrifice fields”). However,
in more modern times, to make effective use of such land, these fields were converted into
dry fields for cultivating crops other than rice, a practice known as “horisaku”, with black
soybeans (Glycine max L. Merrill) being the primary crop [99]. As a result, the cultivation of
black soybeans has become one of the region’s major agricultural industries [98]. “Tamba-
guro” refers collectively to a group of local landraces [98]; today, the Hyogo Prefecture
Tamba Black Soybean Promotion Council manages elite lines—*Kawakita”, “Habe-guro”,
“Hyo-kei-kuro No. 3”, and “Hyo-kei-kuro No. 6” [100]. In 2019, a total of 144.8 kg of seed
was produced, and 7.0 tons of seed were collected from 27 seed-producing fields within
the city [101]. Normally, only the seeds are used for food, and large quantities of branches
and leaves remain as agricultural residues, so that effective utilization of this biomass has
long been sought. Historically, a portion of these residues was burned in “hanya” (ash
huts) to produce ash fertilizer for maintaining soil fertility [101]. However, the majority of
the residues are difficult to process and are simply incinerated, making it hard to regard
them as being effectively utilized. In particular, the burning of black soybean residues
produces large volumes of smoke, creating recurring issues related to smoke pollution, thus
highlighting the strong need for alternative uses of this biomass. These conditions make
black soybean residues a relevant example of underutilized regional biomass for potential
bioplastic applications.

The straw of G. max typically contains about 39.8 + 0.6% cellulose, 22.6 + 1.0%
hemicellulose, 10.5 & 0.7% insoluble lignin, and 2.31 £ 0.18% soluble lignin, and they are
generally classified as lignocellulosic biomass [102]. While lignocellulosic biomass is often
cited as an inexpensive and abundant biomass resource, lignin is biologically recalcitrant,
and its resistance to degradation results in high conversion costs for biomass-derived
products: consequently, its utilization is often considered limited [103]. Nonetheless, G.
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max represents an herbaceous biomass, which is substantially easier to process and utilize
than woody biomass, offering greater practicality for bioplastic applications.

Furthermore, the food industry operates at extremely large material throughputs
in modern society, and when considering biomass availability, the utilization of food-
processing residues generated by private companies holds substantial significance. Among
many agricultural raw materials, sugar is one of the most important processed commodities
worldwide. According to the USDA Foreign Agricultural Service, global sugar production
is approximately 177 million tons annually as a 10-year average [104]. Sugar beet (Beta
vulgaris ssp. vulgaris) is a major industrial crop accounting for roughly 35% of global
sugar production [105], with its enlarged roots (600-1200 g) as a harvested beet containing
approximately 20% sucrose, 75% water, and 5% pulp [106]. Although sugar beet originated
in Mediterranean climates characterized by hot, dry summers and relatively wet winters,
it is now cultivated predominantly in temperate to subarctic regions as a cool-season
crop and can also be grown in steppe or desert climates under irrigation. In Japan as
well, sugar beet constitutes an important feedstock for sugar production and is widely
cultivated, particularly in Hokkaido. According to the 2023 report “Production Results of
2023 Beet Sugar” issued by the Hokkaido Department of Agriculture, three major sugar
producers in Hokkaido collectively processed 3,402,658.87 tons of beet (100%), yielding
447,536.71 tons of sugar (13%) and 133,790.50 tons of beet pulp (3%), the fibrous residue
remaining after sucrose extraction [107]. These data indicate that although beet pulp
represents only a few percent of the processed beet mass, the overall production volume
remains large because beet production itself is substantial. Beet pulp is currently supplied
primarily as dried flakes or compressed pellets and used mainly as feed for horses and
other livestock. If higher-value applications for beet pulp can be developed, they may
create economic value through the more effective utilization of an existing by-product,
diversification of local biomass use, and the expansion of non-feed applications. Despite
being a by-product of beet sugar processing, beet pulp contains relatively little sugar or
other non-structural carbohydrates but is instead rich in dietary fiber, with approximately
10-12% protein and 0.7% calcium [108]. This composition suggests that beet pulp could
serve as a promising biomass feedstock for bioplastic materials that leverage the principles
and technologies of cell-based plastics discussed later in this review, while still providing
desirable mechanical properties. In addition, herbaceous biomass like grassland biomass in
general is known to store more CO,-derived carbon below ground compared with woody
biomass [109], further increasing its potential as a carbon-cycle resource. Thus, residues
from black soybean “Tamba-guro” represent an exemplary case of a non-edible, regionally
branded herbaceous biomass that can be locally supplied, whereas beet pulp represents an
exemplary case of a fiber-rich, molding-compatible by-product that can be supplied stably
and in large quantities. Although these remain prototype examples, they are of conceptual
value because they demonstrate a framework potentially applicable to other regions under
similar conditions.

Although this discussion has focused on “Tamba-guro” as an example of underutilized
regional biomass residues in Japan, increasing attention has also been directed toward
rice straw and rice husks as alternative biomass resources [92]. These residues are major
agricultural by-products in Southeast Asian countries where rice is a staple food [110].
Thus, the framework discussed here is not limited to black soybean residues, but may
also be applicable to other forms of underutilized regional biomass. In this sense, the
approach may be relevant not only to Japan but also to biomass-based plastics strategies in
other countries.
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6. Concept of Directly Using Biomass as a Plastic Feedstock

To substantially increase the supply capacity of biobased plastics, direct use of biomass
as a plastic feedstock is an important concept. This concept is not entirely new, and re-
lated materials—such as highly filled wood—plastic composites (WPCs) [111-113], rice straw
powder/fiber-filled composites [114,115], and bamboo powder/flour composites [116-118]—
have been previously reported. However, these earlier materials were primarily developed
as structural composites and were not designed to exploit the intrinsic structural or interfa-
cial functions of biological cells themselves, nor to serve as platforms for broader cell-based
biomass-material design.

In recent years, the authors have proposed cell-plastics that utilize unicellular green
algae such as Chlamydomonas reinhardtii and Chlorella spp.—organisms that grow autotroph-
ically using CO; as a carbon source—as direct biomass feedstocks [119-125] (Table 2). Many
unicellular green algae, being aquatic biomass, are recognized as third-generation feed-
stocks that could not compete with arable land or potable water, and marine microalgae
cultivated in seawater further reduce freshwater consumption [126]. Moreover, compared
with terrestrial plants, microalgae exhibit CO, fixation rates 10-50 times higher [127],
and their carbohydrates generally contain low amounts of lignin (with a high proportion
of fermentable sugars), making them significantly easier to saccharify and attractive as
promising, sustainable biomass feedstocks for bioethanol production [128,129].

Table 2. Researches regarding cell-plastics.

Types of Mechanical Properties
Fabrication Used Green Green Algal ’ : :
¢ Al Matrix/Attachment Concentration ~ Young’s  Tensile  Strainat year  Reference
or &a (Wt%) Modulus  Strength  Break
Cell-Plastics (MPa) (MPa) (%)
. . .. Cinnamate derivative; bovine =~ Approximate
Layering C. reinhardtii serum albumin, glycerol 7584 % 6.2~9.0 0.29~0.32  5~15 2020 [121]
Mixing C. reinhardtii Polybutylene succinate 50~91 6.3~240 0.16~8.8 2~10 2020 [116]
Mixing C. reinhardtii Starch, oxdized starch 50, 90 100~350 1~7 1.0~2.5 2021 [117]
Mixing Chlorella sp. Polyvinyl alcohol Ap%’j‘g‘z“ate 057~1.22  37~15  07~20 2021 [118]
Mixing C. reinhardtii Disrupted cell-contents 6~25 66~764 2.9~8.6 0.8~4.0 2022 [122]
Mixing Chlorella sp. Epoxy, urethane 47~95 390~800 6.3~18 1.6~4.0 2023 [119]
Mixing C. reinhardtii Disrupted cell-contents 98.0~99.5 227.3~5644  3.5~7.7 0.4~1.6 2023 [120]

*: Value calculated with 100 mg/1.0 x 107 cells as cell density [130,131].

Among these species, the freshwater microalga C. reinhardtii stands out as one of the
most extensively studied model organisms: by 2007, it had been shown to share 706 protein
families with humans [132], and it is widely used in biochemical, physiological, and ge-
netic research [133], one of the most extensively studied model microalgae. Additionally,
C. reinhardtii produces a range of value-added molecules—including carbohydrates, pro-
teins, lipids, short-chain oligosaccharides, antioxidants, and carotenoids [134-138]—and
can efficiently generate precursors for biofuels, textile and paper fibers, pharmaceuti-
cal compounds, and dietary supplements [139-141]. It is also considered biosafe, with
no reported toxicity [142]. These features make it a useful platform organism for cell-
based material design, although further molecular understanding of its cell wall remains
important [134,143-153].

Traditionally, extraction of intracellular components from C. reinhardtii requires in-
tensive cell disruption using methods such as bead beating [154,155], highlighting the
mechanical robustness of the cells—a feature often regarded as a bottleneck in microbial in-
dustrial production. However, such robustness becomes advantageous when C. reinhardtii
is considered as a structural component of plastic materials. Furthermore, microalgae
are eukaryotes with diverse post-translational modification capacities, which are advan-
tageous for recombinant protein production and synthetic biology applications [156,157]:
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therefore, their potential as functional material platforms is considerable. Based on these
considerations, the authors have pursued the development of cell-plastics primarily using
C. reinhardtii as the raw material. When using these unicellular algae as a plastic feedstock,
an adhesive filler is required to bind the cells together. To achieve this, the authors ad-
hered C. reinhardtii cells using glycerol and bovine serum albumin (BSA) to create a cell
sheet, which was then coated with a flexible organic thin film such as a two-dimensional
polymer. These layers were subsequently laminated repeatedly, yielding a free-standing,
multilayered structure—termed cell-plastic [124], as reported in [158-160]. In addition,
mixed-type cell-plastics—where C. reinhardtii cells are directly blended into various poly-
mer matrices—have also been developed, including polybutylene succinate (PBS) [119],
starch [120], poly(vinyl alcohol) (PVA) [121], intracellular components [123,125], and epoxy
or urethane resins [122], all of which form free-standing composite materials incorporating
intact algal cells.

7. Further Advances in Cell Adhesion Strategies for Green Algal
Cell-Plastics

In recent years, attempts have emerged to improve the adhesion efficiency of green
algal cells either to each other or to polymer matrices by exploiting endogenous cell-
adhesive factors. Two approaches have been reported: (i) using C. reinhardtii cell lysates
to mediate cell-cell adhesion [125], and (ii) purifying proteins from the lysates to serve as
adhesive components. These studies have suggested that the helical structures of collagen-
like proteins may contribute substantially to adhesion [123]. This studies suggest that
collagen-like proteins may play an important role in adhesion, raising the possibility of
improving both cell—cell and cell-matrix interactions in cell-plastics.

Building on these insights, the authors have focused on modifying cellular components—
carbohydrates such as cellulose, pectin (polygalacturonic acid), sulfated polysaccharides,
and calcium carbonate [126], as well as cell wall-associated proteins [143-153]—to improve
affinity toward plastic matrices. The cell wall of green algae can be broadly categorized
into two layers: (i) the external cell wall and (ii) the internal cell wall. More specifically, the
external layer comprises a polysaccharide matrix of pectin, agar, alginate, and algaenan
polymers, whereas the internal layer consists of microfibrillar matrices containing fucose,
xylose, rhamnose, arabinose, and galactose, together with pectins, fucans, hemicellulose,
and glycoproteins [161]. These components, even in C. reinhardtii, represent promising
targets for chemical modification.

Although the structure of the C. reinhardtii cell wall was extensively investigated from
the 1970s through the late 2000s [162,163], current understanding still relies heavily on
foundational studies by Imam and colleagues—who characterized the effects of the cell
wall-lytic enzyme lysin on wall architecture and protein composition—and on the general
consensus that the wall comprises a multilayered extracellular matrix formed from carbohy-
drates and approximately 20-25 polypeptides [143]. Importantly, unlike the cellulose-based
walls typical of many microalgae, the C. reinhardtii cell wall is composed of layers rich
in glycoproteins reminiscent of extensin-like structures in higher plants [164]. Electron
microscopy reveals that the protective wall contains five dense layers [144] enriched in
glycoproteins. Goodenough and colleagues described these layers—extending from the
cytoplasmic side to the exterior—as five fractions: W1 (membrane-anchoring protein layer),
W2 (dense layer with fibrous proteins), W4 (sodium perchlorate-soluble core), W6 (sodium
perchlorate-soluble core), and W7 (outer fibrillar surface) [144-146]. Among these, W4
and W6 constitute cores comprising dense granules and fibrous structures that contain
chaotrope-soluble glycoproteins [144,145]. These layers include numerous high-molecular-
weight hydroxyproline-rich glycoproteins (HRGPs), which are essential structural elements
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of W2 and W6 [165,166]. Chromatography and mass spectrometry analyses have partially
revealed their sequences and compositions, while electron microscopy has elucidated their
lamellar architecture. The cell wall of C. reinhardtii is considered to contain multiple glyco-
protein components relevant to the structural and interfacial behavior of cell-plastics. In
particular, HRGPs and less wall-bound glycoproteins (LWGPs) are regarded as important
wall-associated constituents. HRGPs are expected to be O-glycosylated with arabinose
(Ara) and galactose (Gal) mainly on Hyp and Ser residues, and possibly Thr, whereas
LWGPs may be N-glycosylated with mannose (Man) via Thr, Ser, and Asn residues [165],
suggesting that these glycoproteins play distinct roles in the structural organization and
interfacial characteristics of cell-plastics. Differences in glycosylation pattern and molecular
organization may therefore affect cell-cell interactions, interfacial adhesion, and the result-
ing morphology of multilayered cell-plastic structures. Additionally, low-molecular-weight
proteins (30-50 kDa) rich in serine and threonine—referred to as “14-3-3” proteins—have
been identified [146-148]; these proteins are thought to participate in cell wall crosslinking
and may represent promising targets for chemical modification frameworks.

In the internal wall layers (W1 and WZ2), insoluble glycoprotein scaffolds are
prominent [143-145], whereas the outer layers contain chaotrope-soluble glycoproteins [145].
These structural characteristics further highlight the potential of using wall proteins as
chemical modification targets to improve interactions with polymer matrices. Collectively,
these findings indicate that the carbohydrates and proteins of the C. reinhardtii cell wall
constitute modifiable targets that may play key roles in mediating adhesion to plastic
matrices. At the same time, various strategies have been proposed to optimize the material
properties of biodegradable plastics without compromising biodegradability—for example,
by copolymerizing aromatic units such as terephthalic acid [167] or by constructing amide
linkages via the amine groups of amino acids to generate polyester amides [168]. Given that
algal cells themselves are biodegradable, the authors anticipate that these modifications,
when combined with biodegradable polymer matrices, will allow cell-plastics to retain
robust biodegradability.

However, if one seeks to exploit the above-mentioned features by using C. reinhardtii
or other green algae in pure culture, supplying such biomass at bulk scale becomes highly
challenging, because doing so would require specialized cultivation facilities equipped
with advanced technologies for large-scale microbial production. Even if such factories
were functioning sufficiently, it would be practically impossible to supply an amount that
matches the production volume of plastics.

Therefore, it will become essential to differentiate how green algae are used, such as
using green algae as a material for technological development to transfer the technology to
other biomass such as underutilized regional biomass, using green algae together with other
biomass such as underutilized regional biomass, or using green algae under conditions
in which the cellular functions are highly utilized. In the field of cell-plastics technology
and its associated requirements, the authors are pursuing not only approaches aimed at
supplying bulk quantities of material but also technologies for fabricating cell-plastics
through the direct utilization of cells. Cell-plastics containing viable cells, including geneti-
cally engineered cells, represent novel materials that impart cellular metabolic functions to
plastics, and further advances in this research area are expected.

Nevertheless, the current status of cell-plastics should be interpreted with caution
from the viewpoint of industrial feasibility. Although previous studies have demonstrated
proof-of-concept fabrication, multilayer structuring, and measurable mechanical properties
at laboratory scale, these findings do not yet establish practical readiness for large-scale
implementation [120]. Important challenges remain regarding the stable and economical
cultivation of algal biomass, compatibility with continuous manufacturing processes, scal-
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ability of multilayer fabrication, reproducibility of interfacial structures, and industrial
throughput [169,170]. In addition, while mechanical performance has been reported under
experimental conditions, its consistency, durability, and applicability to broader product
requirements have not yet been sufficiently validated [171]. Therefore, at the present stage,
cell-plastics should be regarded not as an already established industrial solution, but as
an emerging materials concept and technological platform that requires further process
development, performance evaluation, and demonstration-scale verification.

8. Prospects for the Future Social Dissemination of Biomass Plastics

The acceleration of global warming and the continued dependence on fossil resources
are compelling a fundamental transformation of the non-circular system represented by
petroleum-derived plastics. Although various bioplastics have been developed to date,
they have not yet provided a fundamental solution in terms of cost, supply capacity, or
biomass content. Thus, materials and production schemes that exhibit both high biomass
content and genuine circularity are therefore still needed.

As outlined in this review, a decentralized production model aligned with Japan’s
social infrastructure—leveraging non-edible and currently underutilized biomass such as
Tamba black soybean residues and beet pulp, while integrating the concept of cell plastics
that directly utilize unicellular green algae—may provide a conceptually promising frame-
work for transitioning from centralized to multi-nodal distributed production. In particular,
the high CO; assimilation capability and unique cell wall structure of C. reinhardtii may
support the development of functional biomass plastics through interfacial design with
polymer matrices. However, given the constraints of large-scale algal cultivation, a more
realistic pathway is to combine green algae with regional biomass or to position algae
primarily as a technological platform rather than as a bulk feedstock.

Furthermore, the industrial dissemination of biomass plastics requires not only the
development and evaluation of raw materials but also close collaboration with plastic
molding factories that handle large-scale forming processes. Within existing molding
operations such as injection molding, extrusion, and blow molding, it is necessary to
evaluate under practical conditions how increases in biomass content or variability derived
from fillers influence melt viscosity, cooling shrinkage, dimensional stability, mold fouling,
and cycle time. Optimization of parameters that directly affect factory handling—such as
pellet geometry, moisture content, and compounding conditions—is equally important. As
requirements for mechanical properties, surface quality, and recycling compatibility differ
substantially across applications, it will be essential to co-develop evaluation metrics and
draft standards with molding companies and end-product manufacturers.

In this context, the appropriate end-of-life option should also be differentiated ac-
cording to application category [85,172]. For short-lifetime applications such as certain
packaging materials, compatibility with collection systems and either mechanical recycling
or managed composting may be particularly important, whereas for durable applications,
long-term material stability and integration into established recycling routes are more criti-
cal. In all cases, contamination risk must be carefully considered, because the unintended
mixing of biomass plastics with existing collection, sorting, and recycling streams can
reduce processing efficiency and material quality. Therefore, if a decentralized production
model is to be implemented in practice, material design must be coordinated not only with
molding processes but also with regional systems for collection, sorting, recycling, and,
where relevant, biodegradation management [42]. In other words, the social implementa-
tion of biomass plastics depends not only on advances in material development but also on
their consistency with end-of-life infrastructure and waste-management pathways [173].
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Only when a biomass material developed at the laboratory scale can be processed
“with high yield” and “without major modifications to existing production lines” will
it be accepted by industry as a viable sustainable plastic. In this sense, establishing an
iterative collaborative framework between materials development and manufacturing sites
is key to the societal implementation of circular biomass plastics. The present review is
intended to clarify the conceptual rationale and systems-level implications of decentralized
biomass-plastics production in Japan, rather than to present a quantitatively verified
techno-economic comparison with centralized production systems. Key variables that
should be included in future techno-economic comparisons include biomass bulk density,
preprocessing requirement, transport radius, storage stability, seasonal supply fluctuation,
achievable compounding ratio, and compatibility with existing molding infrastructure.
Quantitative assessment of economic feasibility, including transportation, preprocessing,
facility scale, and regional logistics, will require future demonstration-scale studies.

In addition, for transitioning toward a circular society, systematic evaluation of
biodegradability is indispensable when producing biomass plastics at an industrial scale.
“Biobased” and “biodegradable” are conceptually distinct, and biodegradation depends
on environmental conditions—including temperature, moisture, microbial communities,
pH, and exposure format [174]—making it impossible to scientifically substantiate envi-
ronmental benefits without standardized testing regimes. Beyond ISO- and ASTM-based
compostability and marine environment assessments, evaluation frameworks tailored
to regional climate, soil composition, and waste management infrastructure will be re-
quired. Because durability during use and biodegradability after disposal often conflict,
application-specific “functional lifetime design”—materials that perform only for the nec-
essary duration and subsequently degrade reliably—will become essential. For materials
such as non-edible biomass composites and cell plastics, which inherently contain com-
positional and structural heterogeneity, understanding and standardizing biodegradation
behavior represent critical steps toward public acceptance and large-scale deployment.
Thus, biodegradation assessment is not an auxiliary verification step but a core component
for ensuring circularity, and should be situated within an LCA framework that integrates
material design, manufacturing, and end-of-life processes.

For example, Walker et al. reviewed 56 comparative LCA studies and reported that
although many biomass plastics reduce climate-change impacts relative to fossil plastics,
environmental burdens associated with land-use change and fertilizer /pesticide use re-
main non-negligible [175]. Bishop et al. highlighted the strong influence of methodological
choices—such as functional units, system boundaries (especially treatment of biogenic car-
bon), and end-of-life scenarios—on LCA outcomes, arguing against simplistic conclusions
favoring bioplastics [176]. Reviews by Ali and Tecorralco-Bobadilla similarly noted that
although biomass use can reduce fossil resource dependence and GHG emissions during
raw material stages, these advantages diminish when process energy is fossil-derived [177].
Atiwesh et al. summarized that while biomass plastics may reduce climate impacts, trade-
offs such as agricultural land expansion, water consumption, and toxicity-related burdens
may arise, cautioning against the facile assumption that “biomass = environmentally
superior” [178].

Taken together, evaluating the circularity of biomass plastics requires an integrated
LCA framework that considers (i) origin of raw materials (e.g., whether they rely on
residues or byproducts that do not compete with food), (ii) decarbonization of manu-
facturing processes in the context of the national energy mix, and (iii) end-of-life design
synchronized with regional collection, recycling, and biodegradation infrastructure. The
cell plastics discussed in this review—derived from unicellular green algae and regional
underutilized biomass such as black soybean residues and beet pulp—align with desirable
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directions indicated by prior LCAs in that they utilize non-food, residue-based resources.
However, to scientifically validate their environmental advantages, future efforts must
involve process design and data acquisition at demonstration scales, followed by LCA
and material flow analyses tailored to Japan's social infrastructure, enabling quantitative
positioning of these materials within a circular biomass plastic system.

Going forward, it will be essential to advance interdisciplinary research that integrates
materials science, microbial engineering, and regional resource management, in order
to articulate concrete implementation strategies for a circular plastic society—one that
encompasses but is not limited to cell plastics, and fully leverages diverse perspectives on
biomass plastic utilization.
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