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Bioeconomy
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The rapid accumulation of plastic waste is driving international demand for
renewable plastics with superior qualities (e.g., full biodegradability to CO,
without harmful byproducts), as part of an expanding circular bioeconomy.
Higher plants, microalgae, and cyanobacteria can drive solar-driven processes
for the production of feedstocks that can be used to produce a wide variety of
biodegradable plastics, as well as bioplastic-based infrastructure that can act
as a long-term carbon sink. The plastic types produced, their chemical syn-
thesis, scaled-up biorefinery concepts (e.g., plant-based methane-to-bioplas-
tic production and co-product streams), bioplastic properties, and uses are
summarized, together with the current regulatory framework and the key bar-
riers and opportunities.

The Build-up of Plastic Waste

In 2017 the global economy was valued at US$127 trillion' [gross domestic product (GDP),
purchasing power parity] and was powered by an energy sector valued between US$6.35 and
US$17.78 trillion (historically 5%—14% of the GDP) [1] mostly through the use of petrochemical
fuels [2]. The petrochemical industry is highly integrated and approximately 80% of all the non-
fuel chemical byproducts by weight are reportedly used in the manufacture of polymers [3].
Total cumulative global plastic production up to 2015 exceeded 8.3 Gt and resulted in 6.3 Gt of
plastic waste [4]. By 2050, this waste is expected to increase toward 12 Gt [4]. The 6.3 Gt of
plastic waste produced to date can be calculated to have a volume of approximately 5.9 km?
using their average plastic densities (see Supplemental Table S1 online). This is enough to build
2269 plastic replicas of the Great Pyramids of Giza and can be calculated to contain 240 EJ
(0.24 ZJ; about half of our total global annual energy demand [5]). Of this waste (6.3 Gt) only
21% has been recycled or incinerated [4], whereas the remaining 79% either entered landfill or
was released into the environment.

Perhaps the most graphic example of the global scale of plastic pollution is the Great Pacific
Garbage Patch (see Glossary), which covers an area of around 1.6 milion km? and is
expanding rapidly [6]. It is one of five such patches formed due to complex oceanic currents
and has a consistency of a plastic soup [7]. Most particles within this soup have a diameter of a
few millimeters [7]. At least 5.25 trillion plastic pieces are now reported to float in world oceans
[8]. Particles bigger than 5 mm account for 87% of the weight of this plastic waste [8]. By
contrast, particles with a diameter of 1.01-4.75 mm are the most common [8] and classed as
microplastics (i.e., less than 5 mm in diameter'). Microplastics account for about 13.2% of
plastic waste by mass [8] and concerns regarding health-related problems are increasing due
to their entry into the food chain. Commonly consumed human food sources such as fish,
bivalves, and crustaceans have been reported to ingest microplastics [9]; microplastics have
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exposure to microplastics through diet or inhalation may be causing an increase in compli-
cations in diseases such as inflammation, cancer in animals, and toxic effects (especially
humans) due to bioaccumulation [10] (see Outstanding Questions). Consequently, health and
environmental degradation are uncosted externalities.

The increasing demand for plastics and the fact that some types are estimated to take longer
than 100 years to fully degrade (estimate only, due to insufficient time-series data) highlight the
need to either reduce plastic use (difficult without legislation) or replace nondegradable plastic
with sustainably produced and degradable bioplastics. Bio-based plastics, as part of an
expanding circular bioeconomy, can be designed to be either totally biodegradable to CO, in a
matter of months or years [11], or contribute to carbon capture and storage through integration
into nondegradable long-term infrastructure [12], including plastic-based municipal water and
sewer piping, building and roofing materials, and road surfaces.

As approximately 80% of nonfuel chemicals produced by the petrochemical industry are sold
for the manufacture of plastics [3], recent fossil fuel investments in the United States and Europe
(mainly due to the fracking boom), as well as in China, may result in petrochemical plastics
production being locked-in for several decades from as early as 2025 [13], unless appropriate
legislation is passed and the bioplastics industry gains significant traction. Currently approxi-
mately 99% of plastics is produced through petrochemicals [14]. China’s announcement that it
would no longer accept international plastic waste for recycling from December 31, 2017, has
exacerbated this problem and increased the need for sustainable bioplastic solutions, as by
2030, 111 Mt of plastic waste will be displaced through this policy change [15]. This review
summarizes current plant-based and emerging microalgal- and cyanobacterial-based bio-
plastic production options, as these offer a series of advantages that contribute to UN
sustainability goals (i.e., Good Health and Well-Being, Clean Water and Sanitation, Afford-
able and Clean Energy, Decent Work and Economic Growth, Industry, Innovation and Infra-
structure, Sustainable Cities and Communities, Responsible Consumption and Production,
Climate Action, Life below Water, and Life on Land)".

Bio-Based Plastics

Currently, most bioplastics are produced from agricultural crop-based feedstocks (carbohy-
drates and plant materials). These, however, are not yet ideally aligned with the UN’s sustain-
able development goals (SDGs), due to their competition for arable land, fresh water, and food
production [16]. Next-generation microalgae-based bioplastic production can theoretically
address many of these issues, as they can be located on nonarable land. This expands global
photosynthetic capacity, can be seen as a much-needed technology-assisted reversal of
desertification, and increases our ability to convert CO, into feedstocks for bioplastics. Micro-
algae systems can also use saline and/or wastewater and enable effective recycling of nutrients
(e.g., nitrogen and phosphorous) in contained systems, thereby reducing eutrophication and
reliance on energy-intensive chemical fertilizers. Unlike fossil-based plastics, microalgae-based
bioplastics can be designed for biodegradability in natural as well as industrial composting
settings. Although biodegradable fossil-based polymers such as polybutylene adipate tere-
phthalate and polycaprolactone exist [17], their production from petrochemicals precludes
them from being CO, neutral. Internationally, microalgae systems also offer the technical
capacity to support distributed production, while locally they offer the potential to enable
regional communities to be more self-sufficient and provide significant new market oppor-
tunities (SDG, Decent Work and Economic Development). If strategically developed, these
systems can therefore provide sustainable solutions and make a significant contribution to a
number of the UN SDGs.
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Glossary

Bio-based plastic: plastic
generated from renewable biomass
sources (i.e., derived from plants or
microorganisms). Bio-based plastics
have properties equivalent to their
fossil-based counterparts and at the
same time they reduce the product’s
carbon footprint.

Biodegradable plastic:
biodegradation is a chemical process
performed by microorganisms, which
metabolize materials into CO,, water,
and/or methane. Biodegradability is
dependent on various factors
including temperature, humidity, the
surrounding microbiome population,
as well as the environment (terrestrial
or aquatic locations) and light, which
can drive photodegradation; the time
frame for degradation can therefore
vary considerably. Biodegradation
can be performed by industrial
composting, garden compost, in soil,
or in water (fresh, brackish, and
seawater); of these only industrial
compostability is currently described
in standards, as the conditions and
time frames can be clearly specified.
Bioplastic: a diverse family of
materials, which can be divided into
three main groups: bio based; bio
based and biodegradable; and
plastics based on fossil fuels that are
biodegradable.

Great Pacific Garbage Patch: also
described as the Pacific trash vortex,
the Great Pacific Garbage Patch was
reported as early as the mid-1980s
in the North Pacific Ocean. It
consists of an accumulation of
floating debris dispersed over a large
area in the upper water column.
Similar patches were discovered in
the other four gyres (e.g., in the
North Atlantic).

Microplastic: small pieces of plastic
with a diameter below 5 mm. Primary
microplastics are a direct result of
human-manufactured material and
use, while secondary microplastics
are breakdown products of larger
plastic debris. Both types persist in
the environment at high levels,
particularly in aquatic ecosystems,
enter the food chain, and may
accumulate in tissues.

UN sustainability goals: 17 global
goals were set by the United Nations
in 2015 with the formal name
‘Transforming our World: the 2030
Agenda for Sustainable



The molecular complexity of plant and bacterial biomass provides a wealth of natural bio-based
polymers as well as monomeric feedstocks for bioplastic production. Figure 1 summarizes the
main classes of currently developed bio-based plastics. These include plastics based on
starch, polyhydroxyalkanoates (PHAs), polylactic acid (PLA), cellulose, renewable polyethylene
and polyvinyl chloride (PVC), as well as protein-based polymers. The left-hand column (Figure 1)
provides the chemical formulae of naturally occurring monomers and polymers, which repre-
sent the inputs for production of each of these bioplastic types. These monomers and polymers
can be sourced from higher plant crops as well as microalgae and cyanobacteria. Example
conversion processes of the natural monomers and polymers to their respective bioplastics are
summarized in the middle column. The right-hand column provides a property summary of
each plastic class, as well as published examples of their uses and degradability character-
istics. Because of the very large number of combinations in which the monomers can be mixed,
cross-linked, and their properties modified through chemical derivatization, as well as the
introduction of additives such as plasticizers, stabilizers, fillers, processing aids, and colorants,
a huge variety of plastics with different physical characteristics (e.g., melting point, density, shelf
life, biodegradability, UV resistance, transparency, thermoplastic versus thermosetting plastic)
can be produced. Consequently, it is not possible to provide a generic set of characteristics for
each plastic class. Instead, examples of different plastics with the specified characteristics have
been referenced to guide the reader to publications that provide more detailed information on
any chosen subject. Degradability in water, soil, and industrial composting systems (the most
controlled form of bioplastic degradation in terms of temperature, humidity, and microbial
blends) has also been summarized (Figure 1). The most detailed guidelines on bioplastic
degradation have been developed for industrial composting systems and these define the
time required for degradation, the percentage of CO, emitted from the bioplastic, and any toxic
residues remaining (Figure 2).

Bioplastics include both nondegradable and biodegradable plastics. Both are important for
sustainable solutions.

Nondegradable Bioplastics as Carbon Sinks

Nondegradable bioplastics are expected to play an increasingly important role in the
development of more sustainable infrastructure (e.g., plastic-based municipal water, sewer
piping, building and roofing materials, and road surfaces) that provide expanding long-term
carbon sinks to support urgently needed CO, emissions reductions [12]. The exchange of
petrochemical-based feedstocks with available ‘drop-in’ bio-derived replacements — for
example, bio-based polyethylene (bio-PE) [17] — could enable this transition. This process
would be expedited through legislated accreditation making such infrastructure eligible for
carbon credits.

Biodegradable Plastics and Biodegradability Standards

In parallel, degradable bioplastics can be used to produce CO, neutral, short-to-medium shelf-
life products that degrade fully to minimize their environmental impact. The timescale over
which plastics degrade can theoretically be tailored to the product purpose. Here too, legislated
national and international standards are critical, both to guide this bioplastic design process
and to the sustainable development of an emerging bioplastics industry.

The legislative process has begun with the development of standards for tightly controlled
industrial composting systems (Figure 2A), but due consideration must also be given to the
degradation of bioplastics in home composting as well as in terrestrial and aquatic
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Development’. These goals include
Good Health and Well-Being, Clean
Water and Sanitation, Affordable and
Clean Energy, Decent Work and
Economic Growth, Industry,
Innovation and Infrastructure,
Sustainable Cities and Communities,
Responsible Consumption and
Production, Climate Action, Life
below Water, and Life on Land.
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Property summary
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environments to tackle widespread environmental degradation. Specifically, it is important to
advance plastics that can be fully degraded to CO, and water in industrial composters,
terrestrial, and aquatic systems and that do not release toxic byproducts (Figure 2B).

A good example of the optimization that can be achieved using bioplastics is given by the food
packaging industry. Petrochemically produced plastic food packaging such as soft-drink
bottles, food containers, and food trays made from polyethylene terephthalate (PET) has
already been shown to persist in the environment for over 90 years (Table 1) [18,19] and this
is likely to increase significantly, as longer time-series data are collected. Although steadily
increasing, the global plastic recycling rate is still only around 20% [4] and exacerbates this
situation. Furthermore, degradation is often only partial and in many cases leads to harmful
products such as microplastics and toxic constituents [10]. Theoretically, bio-based plastic
formulations can be controlled to deliver products with fit-for-purpose shelf life. For example,
plastic water bottles could be designed to have a 2-5-year shelf life and to degrade under
specific conditions (Figure 2). Considering that over half of the global biodegradable plastic
demand is for packaging materials [20], such packaging could yield significant benefits in the
future. Nevertheless, for a competitive bioplastics market, advancements in biotechnology and
processing techniques are paramount to improve performance and reduce cost of bioplastics.
To guide such developments, typical market prices for common bioplastics inputs and
polymers are provided in Table 2.

The Advancement of the Bioplastics Industry
The bioplastics industry has been undergoing a staged development, briefly summarized in the
following subsections.

Phase 1

An early focus of the bioplastics industry was to increase sustainability by replacing petro-
chemical feedstocks with plant-based monomers and polymer inputs; these were used to
demonstrate robust economic bioplastic production processes and the delivery of market-
ready products (Table 1). Most bioplastics produced in this phase (e.g., starch- and cellulose-
based plastics) originated from plant materials (e.g., crop residues) and were mixed into
petrochemical/bioplastic blends for commercial production (Figure 1). In some cases, these
were marketed as having improved biodegradability characteristics. However, due to a lack of
detailed regulation, the concern remained that some of these blends do not fully degrade into
CO, and water, but instead only partially degrade into microplastics and other harmful
chemicals that can persist in the environment.

Phase 2

Proof of concept that bio-based monomers and polymers could deliver market plastics
provided a solid basis to begin addressing the main limitations of petrochemically produced
plastics: petrochemical dependence-associated CO, emissions and the rapid and long-term
environmental accumulation of harmful plastics and their byproducts, including microplastics,
due to poor biodegradability and toxic metals. The parallel development of new routes of

Figure 1. Major Bioplastic Classes. Starch-based polymers, polyhydroxyalkanoates (PHAs) [including polyhydroxybutyrate (PHB), polyhydroxyvalerate (PHV), poly
(8-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)], polylactic acid (PLA), cellulose-based polymers, polyethylene (PE), polyvinyl chloride (PVC), and protein-based
polymers. Bioplastic input monomers and polymers (left-hand column), polymer production steps (middle column), properties, uses, and degradability characteristics
(right-hand columns). The natural monomer and polymer feedstocks can in most cases be derived from higher plant, microalgae, and cyanobacterial systems.
Abbreviations: Compr. mold., compression molding; Extrud. sheets, extruded sheets; Ind. compost, industrial compost; injection mold., injection molding; Med.
implants, medical implants; wound dress., wound dressing. See also [11,17,20,27-71] and Resources” ™.
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Figure 2. Degradation of Bioplastics (A) Summary of key international standards for bioplastic degradability certi-
fications™" [72,73] and (B) polymer breakdown mechanisms; modified from?™. The current regulatory frameworks
categorize the biodegradability of a product rather than its constituent resin. This is of particular importance for the
degradation of composite materials consisting of multiple bioplastics. The international standards shown in Figure 2A have
almost identical requirements. The information in the figure is based on ASTM 6400-12 [72]. See also Resources™ ™,
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Table 1. Conventional Plastics and Their Properties®

Resin code

#1 PET
(C1oHgO4)N

#2 HDPE
(CoHyn

#3 PVC
(CoHaCln

#4 LDPE
(CoHyn

#5 PP
(CsHe)n

#6 PS
(CgHen

#7
Others

Estimated market size
and unit price (2017)°

EUR 34.7 bn™*
EUR 1.05/kg™"

EUR 124.6 >l
EUR 1.21/kg™"

EUR 50.6-76.4 bn™"*

EUR 1.59/kg™"

EUR 52.5 pp i
EUR 1.12/kg™"

EUR 61.4 bn**
EUR 0.90/kg™*

EUR 3.93 bnxxxu,xxx\ii
EUR 0.57/kg™"

Varies

Uses™

Soft-drink bottles,
food containers,
trays, fims

Bottles (i.e.,
detergents), bags,
shipping containers

Pipes, window
frames, railings,
medical products

Toys, squeezable
bottles, adhesives,
stretch wraps

Containers, bottles (i.
e., syrups), durable
plastics

Containers, toys,
medical products,
insulation

Acrylic, nylon, Teflon,
polycarbonate (PC)

Degradation in

wet soil (years)

27-93

<700

<32

>32

<100

<32

Varies

Sample starch
substitute

Flexible
packaging

Flexible
packaging

Packaging film

Packaging

Packaging

Loose fill material

Poly(methy!
methacrylate)
replacement
(acrylic)

Sample PHA
substitute

Films

Packaging

XXVi

Viny! flooring

Packaging

Packaging

Medical scaffold

Polybutylene
adipate

terephthalate
replacement

Cell

Sample PLA
substitute

Short shelf life bottle
Shampoo bottle
Shrink films™*""
Coating

Yogurt container

Insulation

PC replacement

REVIEWS

Refs

[17-19,74]

[17,74-76]

[61,77]

[61,76,78,79]

[76,80,81]

[61,74,82,83]

[84-86]

@Plastic resins have been divided into seven classes. Class 1: Polyethylene terephthalate (PET); Class 2: High-density polyethylene (HDPE); Class 3: Polyvinyl chloride
(PVC); Class 4: Low-density polyethylene (LDPE); Class 5: Polypropylene (PP); Class 6: Polystyrene (PS); and Class 7: Other plastics (e.g., acrylic, nylon,
polycarbonate, and Teflon). For each class, generic chemical formulae, estimated global market sizes and product values (EUR/kg), uses, and degradation
characteristics are summarized. In addition, available references for bioplastics (e.g., starch-based bioplastic, PHA, and PLA) that have been substituted for, or
blended with, each of these classes are provided. These fossil-based polymers are mainly nondegradable in nature.

PConversion factor: USD/EUR = 0.86.

bioplastic production based on a much broader range of chemistry (Figure 1) now opened up
the opportunity to expand, diversify, and scale-up the production of new bioplastics with similar
or superior physical properties to petrochemical-based plastics (Table 1). This diversity also
opens up the opportunity to develop new plastic blends with properties superior to the pure
plastic types (detailed in Figure 1) to deliver the necessary physical and chemical characteristics

Table 2. Bioplastics and Raw Material Prices (2018)*

Bioplastic

Corn starch

Ethanol

Lactic acid

Unbleached dissolving pulp

Soybean protein isolate

PLA
PHA

Cellulose acetate

@Prices are sourced from

XXXIV

PConversion factor: USD/EUR = 0.86.

, except for ethanol™*.

Approximate price (EUR/kg)”

0.34
0.39
1.14
1.26
2.02
1.72
2.49
21.50
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(e.g., UV resistance, biocompatibility) for market-ready 100% bioplastic products. For example,
high-value films and materials can be developed for biomedical applications and specialist bio-
based feedstocks (Figure 1) synthesized to deliver enhanced polymers for 3D printing and ‘4D’
(shape changing) products.

Phase 3

The aforementioned advances are now resulting in an expansion of the bioplastics industry"
and this in turn is increasing the industries’ requirement for plant biomass—-derived feed-
stocks. In the early stages of this industry expansion, it is expected that significant amounts
of waste material such as crop residues can reasonably supply demand. However, as
bioplastic demand expands, the increased channeling of carbon-based molecules out of
agriculture and forestry could interfere with natural carbon cycles that replenish soil carbon
and insure ongoing soil fertility. Consequently, next-generation microalgae and cyanobac-
teria systems, which are more compatible with a scaling circular bioeconomy, are beginning
to be developed. Besides contributing to CO, capture (in long-term infrastructure) and
recycling (via biodegradable plastics), microalgae and cyanobacteria systems offer the
advantages that they can be located on nonarable land (expanding photosynthetic capac-
ity), and use waste and salt water (conserving fresh water). The theoretical area of land
required to supply global plastic production” is calculated to be approximately
145 000 km?, or 0.028% of the Earth’s surface area (approximately 510 000 000 km?),
based on the following estimates: 1:1 mass conversion from microalgae oil to plastics, 90%
conversion efficiency, 0.388 km? per million liters of microalgae oil (J. Roles et al., unpub-
lished), and an oil density of 0.84 kg/I.

Biomass-to-Methane

>Photosynthesis performed by plants, cyanobacteria (Figure 3A), and microalgae (Figure 3B)
essentially drives solar-powered reduction of CO,, and ultimately yields a complex set of
biomolecules that collectively form biomass. Perhaps the simplest way to connect this biomass
feedstock into the existing petrochemical-based plastics industry is to convert it to methane
through fermentation (Figure 3B). This is because a wide range of proven chemistries are
already in place to convert methane into the input feedstocks for bioplastics production
(Figure 1). Indeed, methane can be used to produce PHAs [21], lactic acid” (the precursor
to PLA), ethanol (precursor to bio-PE and bio-PVC) [22], and proteins”' (precursor to protein-
based polymers). This approach has the advantage that it minimizes both capital and opera-
tional costs, as biomass production and subsequent fermentation are relatively simple low-cost
processes. Its disadvantage is that much of the solar energy used and value gained during the
generation of this complex set of biomolecules are lost during its conversion back to methane,
from which different bioplastic precursor molecules must be resynthesized. Nevertheless, it
provides a simple and effective way to start up renewable bioplastics production and could
evolve into an intermediate approach in which complex biomolecules are converted to longer-
chain fractions with reduced energetic losses (e.g., light naphtha, C3-C5 molecules).

Biorefinery Approach

An alternative strategy is to separate biomass into its biomolecular components using a
biorefinery approach (Figure 3). Processes based on mechanical cell cracking and hydro-
thermal liquefaction are being developed [23] to disrupt cells and gently release the
constituent proteins, lipids, carbohydrates, nucleic acids, and where available, cellulose
or other valuable cell wall materials. These constituents can then be used as inputs to
produce the wide range of bioplastic classes (Figure 1). Critical to the success of this
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Figure 3. (A) Cyanobacterial and (B) Microalgae-Based Solar-Driven Bioplastics Production Routes

For a Figure360 Author Presentation of Figure 3, see the figure legend at https://doi.org/10.1016/j.tplants.2018.11.010
Abbreviations: GMO, genetically modified organism; PE, polyethylene; PHA, polyhydroxyalkanoate; PLA, polylactic acid;
PVC, polyvinyl chloride.

approach will be the ability to achieve cost benefit, despite a relatively high capital cost
required to fractionate the biomass into its constituent components. The value from this
process is expected to be realized through the establishment of co-production streams of
pure product. For instance, cyanobacteria can be used as a feedstock for the co-produc-
tion of polyhydroxybutyrate (PHB), animal feed, pigments, methane, and fertilizers [24]. In
another study, Kwan et al. [25] performed a technoeconomic study on a biorefinery design
for food waste valorization through fungal hydrolysis and microalgae cultivation, which
ultimately leads to the production of plasticizer, lactic acid, and animal feed. Economic
feasibility was only achieved when the production was focused on plasticizer and lactic
acid, which are high-value products [25]. The production of multiple bioplastics from the
same biomass source is central to these strategies as it helps to offset the relatively high
capital cost required for its fractionation and purification. Detailed technoeconomic and life-
cycle modeling tools are being developed to fast-track biorefinery systems optimization, the
development of robust business models, and to de-risk scale up. Through such modeling
approaches it is possible to identify the most and least valuable production streams, the
capital and operational costs associated with these, and to configure biorefinery processes
that deliver good economic (e.g., profitability), social (e.g., energy efficiency), and environ-
mental (e.g., greenhouse gas emissions) outcomes.

Genetically Modified Organism Production Cell Lines

Genetically modified cyanobacteria can already directly use solar energy to drive
enhanced PHA production (Figure 3A, dark shading) and it is expected that with advances
in clustered regularly interspaced short palindromic repeats (CRISPR) technologies
microalgae will also increasingly be engineered to optimize light capture efficiency and
specific biochemical pathways [26]. The genetic engineering of specific pathways can of
course enable the production of novel precursor molecules to confer a broad range of
physical and chemical properties to next-generation bioplastics. The use of genetically
modified organisms (GMOs) therefore can improve both process efficiency and cost.
Furthermore, in contrast to crop-based production, microalgae and cyanobacterial
GMOs can be produced in closed systems, in which they can be effectively destroyed
during the production process.
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Concluding Remarks

As our global population and its living standards are forecast to increase, so is the demand for
plastic products from packaging to high-value medical devices (Table 1, Figure 1). Reductionin
plastic use is an option but internationally has proven difficult to regulate. Solar-driven photo-
synthetic processes (Figure 3) offer important new routes for the production of sustainable
bioplastics used for both CO, neutral biodegradable products and bioplastic-based infrastruc-
ture that can act as long-term carbon sinks. To drive sustainable industry development, it will be
essential not only to regulate for the ability of bioplastics to degrade (e.g., to microplastics and
environmentally compromising products), but for them to degrade fully to CO, and water
without the release of harmful residual chemicals. Figure 2 highlights the main bioplastics
standards currently in operation. The expanding capabilities of CRISPR-based genetic engi-
neering open up the opportunity to increase process efficiency, as well as precursor diversity
and quality. It will ultimately help to fast-track the realization of high-value opportunities. The
production of low-value products from bioplastics is a long-term challenge, which will likely be
addressed as systems develop down the cost curve. Currently, the production of microalgae
biomass is estimated to cost around EUR 0.6-1 kg~ dry weight. Given that most of the plastic
prices (Table 1) are currently around EUR 1 kg™, initially specialist higher-value bioplastics will
likely be targeted (e.qg., for biomedical devices), while production costs are driven down through
innovation, especially if externalities are not included. The inclusion of externality costs, which
include the cost of recycling plastic, environmental degradation, and health-related costs,
require improved regulation, which if enacted could significantly increase the speed of transition
to a more renewable circular bioeconomy based on bioplastics.
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