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Integrating bioplastics into the US
plastics supply chain: towards a
policy research agenda for the
bioplastic transition

Kalim U. Shah and Isaiah Gangadeen*

Joseph R. Biden, Jr. School of Public Policy and Administration, University of Delaware, Newark, DE,
United States

Bioplastics have the potential to fill the role of conventional plastics but with
lowered environmental and ecological impacts. But bioplastic production suffers
from high production costs and as an immature technology, it proves less
competitive than its petrol-based counterpart. Debates about the social versus
private benefits of bioplastics are also cited. The literature argues that various bio-
feedstock sources can produce high-quality drop-in plastics and that scaling up
bioplastic production will provide the cost competitiveness needed to transition
away from petroplastics. However, the market remains uncoordinated and lacks a
strategic and comprehensive plan for the plastic transition. Moreover, the science-
to-policy literature on bioplastics is very limited, providing scarce evidence or
analysis to policymakers attempting to argue for bioplastics industrialization and
integration. In this study we highlight this missing link particularly in the North
American context in order to encourage further inquiry on these matters. Using
Stern’s policy framework gap analysis approach, our evaluation identifies gaps in
existing policy frameworks pertinent to bioplastics supply chains. On this basis we
identify and prioritize five pointed areas for policy focus to advance bioplastics
sector growth and integration. These are developing a strategy to sustainably
coordinate and promote biomass production; incentivizing bioplastic investments
and production; incentivizing bioplastic substitution; and enhancing the end-use
management. Additionally, research is needed to support the technical
performance of bioplastics, industrialization methods, supply chain integration,
and the impact of exogenous factors.
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1 Introduction

Plastics are one of the most versatile and useful materials in the world, and yet one of the
most damaging materials. Not only does the existence of plastics impose significant damage
to human and marine life (UNEP, 2018), but conventional plastics support our continued
dependence on fossil fuels as they are derived from petroleum. Moreover, conventional
plastics emit harmful greenhouse gases at every stage of their life cycle (Shen, et al., 2020).
Bioplastics can potentially replace petroleum-based plastics (“petroplastics”) towards
reducing the environmental footprint of plastics and the industries dependent on them.
Moreover, some forms of bio-based plastics present lower carbon footprints of up to
80 percent (Suarez, et al., 2022). While bioplastics have successfully been established for
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packaging, automatic parts, toys, 3D printing, electronics, and
Thakur, et al, 2018), the
industry’s success is very much constrained. Limited technical

agriculture (Jabeen, et al, 2015;

substitution of biodegradable plastics, high production costs, and
supply chain restrictions impede efforts to sustainably upscale
production (Samer, et al., 2022). Efforts to transform the linear
waste-producing business models into more green and circular
models continue to emerge, but the actualization of circular
supply chain designs is hindered by financial, technical, societal,
and institutional barriers (Masi, et al., 2017). Bioplastics also fail to
achieve cost competitiveness in the current conditions and will
remain out unattractive relative to petroplastics (Horvat, et al,
2018).

The discussion becomes increasingly complex as we consider
the variations in performance, environmental impact, and
feedstock. While
conventional plastics supply chains are streamlined from

economic considerations across various
petroleum-based chemicals, bio feedstock ranges from starch-
based, protein-based, vegetable/seed oil-based, and those
produced from biological waste (Sidek, et al.,, 2019). A few of
the main plant-based feedstock are corn, sugar, and grains, with
vegetable oils being sourced from soy, rapeseed, and jatropha.
These crop-based sources impose heavy demand for agricultural
land and require the use of pesticides and fertilizers (Bishop,
et al, 2021). They are arguably the most economical biomass
options, but they also compete for agricultural land and may
potentially limit food security (Popp, et al., 2014). Emerging
technologies expand the scope of possible biomass feedstock,
including forest thinning, food waste, and municipal waste. Food
and agricultural waste provide an alternative feedstock that does
not impose social and environmental pressures. On the contrary,
linking waste management with biomass supply supports the
circular economy. However, this technology tends to be
increasingly costly given its tendency to develop pathogens
when transported over long distances (Bishop, et al., 2022).
Other sources such as lignocellulosic biomass have strong
potential to be both carbon-neutral and economically feasible
though technologically immature. Fibrous plant material such as
forest thinning, straw, hemp, etc. has significant advantages as
they can be easily sourced, inexpensive, and has competitive
technical properties (Abe, et al, 2021). While these solve the
issues associated with crop-based sources, they impose the risk of
incentivizing deforestation (Bishop, et al., 2021).

The term bioplastics has been used to address any
biodegradable plastics regardless of their input material. For
this study, we define bioplastics in alignment with modern
convention as plastics made wholly or partially from biobased
materials and can be both biodegradable and non-biodegradable
(Shen, et al., 2009). The latter are biopolymer materials produced
from bio-based degradable feedstock but converted into final
polymer structures that are not biodegradable (Endres, 2017).
Biomass farmers/suppliers can be independent of the companies
that refine the raw materials or be merged into farmer-company
models (Cai, et al., 2021). The attraction to bioplastics stems from
its potential to remove the dependency on petroleum while
addressing the mounting difficulties of managing non-
biodegradable solid waste and reducing greenhouse gas
emissions. Accordingly, bioplastics falls within the category of

Frontiers in Environmental Science

10.3389/fenvs.2023.1245846

green technologies. Though there is no single agreed-upon
definition of what constitutes “green technology,” the term is
used when comparing the relationship between technology and
its impact on ecology (Heng and Zou, 2010). Earlier work by
Braun and Wield (1994) identified those product and process
that
environmental impacts as those that are “green.” Others may

innovations improve energy efficiency and reduce
broadly define green technologies as those that allow harmonious
development between humans and their environment (Guo,
2020).

environmental impact, both biobased and biodegradable

et al, Given that no product exists with zero
plastics arguably satisfy the green criteria (Moshood, et al., 2022).

Unfortunately, its cost structure does not allow for a seamless
transition led by market forces. Bioplastics are more socially valuable
than economically feasible. Moreover, bioplastics are not all
biodegradable or without environmental impacts. The biobased
forms of the most utilized conventional plastics like polyethylene
(PE), polypropylene (PP), poly(vinyl chloride) (PVC), poly(ethylene
terephthalate) (PET), and polyurethane (PUR) all remain non-
biodegradable. Drop-in bioplastics, those which can immediately
replace conventional without process disruptions, have the highest
technical substitution potential (Brizga, et al., 2020). However, the
forms of bioplastics which can induce sustainability need more
policy support to increase viability.

Ultimately, the integration of bioplastics balances the need to
achieve sustainability and meet the technical and economic
requirements of the industry. There has been increasing
research interest in bioplastics over the last decade. However,
the policy requirements to accomplish its material substitution
remain understudied (Shafqat, et al., 2020). Many publications
on bioplastics are within the material sciences, engineering,
with
representation by policy-related journals (Garrido, et al,

chemistry, and biology fields, almost nonexistent
2021). However, scientific discoveries require policy assistance
for technology adaptation due to risk, constraints, support
systems, and financial and non-financial returns (Foster and
2010). are not adequately

addressed from the point of view of hard sciences but require

Rosenzweig, These questions
a more economic approach. This paper aims to understand the
gaps in the literature that may infringe on, drive or hinder
transitions. It does so to initiate a research agenda that allows
reduced uncertainty and risk for investors and guidance for the
strategic development of the industry. We present this in an effort
to further the substitution of petroplastics for bioplastics in
industries by assessing gaps within the supply chain and
policy framework.

In the following sections we discuss the US plastics industry,
outline the process of integrating bioplastics, and finally provide
analyses of the supply chain and existing policies related to
bioplastics. This paper adapts the approach outlined by Stern
(2004b), to evaluate the gaps within the current US policy
framework in accomplishing the integration of bioplastics. The
successful integration of bioplastics requires higher production
levels, sufficient supply of factors of production, investments into
bioplastics and biomass production, and finally demand
conditions necessary for material substitution. Given these
conditions, the missing links were identified for research and
policy attention.
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FIGURE 1
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674,547 — 1,864,597
0-674,546

Value added production of plastics product manufacturing industry - adapted from the US Census Bureau database—industry NAICS 3261.

2 Structure of the modern US plastics
industry

Plastics make a substantial contribution to the US economy.
Being the sixth largest industry in the USA, the plastics and resin
industry earns $468 billion in shipments and employs almost one
billion (Plastics, 2022). 25.8% of the final consumption of plastic
products is absorbed by the service and wholesale and retail trade,
and 89 percent of household consumption is made up of plastic-
containing goods. Value-added production of plastics and rubber
grew an average of 3.5 percent per year, while the average growth
of the manufacturing output for plastic products was 5.4 percent
from 2010 t02022." Therefore, both the direct and indirect
importance and impact of plastics on the US economy are
substantial.

The US plastics and resin industry is characterized by many
producers in an unconcentrated market with moderate levels of
competition, capital intensity, and barriers to entry (Berdousis,
2023). Plastic production activities (see Figure 1)* are spread
across the country with the greatest concentration of activity in
the Midwest, Northeast, and Southeastern states, though Texas
and California also fall within the top three states for value-added
plastics product production. Facilities are typically established
near oil refineries, hence the Southeast and Texas, or strategically
aligned to access international markets, hence near the Great

1 Federal Reserve Economic Data, Economic Research Division.

2 Source: AM1831BASIC02 Annual Survey of Manufactures: Geographic
Area Statistics: Summary Statistics for Industry Groups and Industries in
the U.S. and States: 2018-2021.
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FIGURE 2
Use of plastics and rubber by industry in the USA—2021.

Lakes and the country’s largest port in California. The industry’s
output consists of pipes, windows, moldings, and flooring
supplied to the construction sector; dashboard panels,
bumpers protective covers, and other
and bottles

components in

automobiles; and packaging for food and
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beverages. As such, 50 percent of the industry output is supplied
to five industries while the remaining 50 percent is split between
64 other industries (see Figure 2)*. Moreover, plastic production
followed a generally upward trend over the past two decades, with
a maximum output of over 40 million metric tons produced after
2020 (see Figure 3)*. As Figure 3 displays, the three forms of
polyethylene account for more than 50 percent of the plastics
produced. Linear low-density polyethylene (LLDPE) is typically
used in plastic bags, thin plastic wrappings, and other products
that require high levels of flexibility. Alternatively, high-density
polyethylene (HDPE) is used more for its strength and durability
in more industrial applications and containers (Milbrandt, et al.,
2022). The plastic industry is deeply connected to the oil and gas
sector, and the emergence of biofuel and bioplastics has brought
linkages to the agricultural sectors as well. The Northeast region
experiences a struggle for power over its economic and policy
trajectory as social pressures arise to establish a bioeconomy and
to deviate away from the dominance of corporations. As such, the
conflicting environmental, social, and economic interests shape
the industry’s development (Burnham, et al., 2017).

Plastics continue to be one of the most versatile materials
providing inputs and products for almost all industries. The
industry earned about $336.9 billion in revenue in 2021, with
$225.8 billion earned by plastic production only.” However,
surging oil prices and inflation have driven up the cost of
production, and the economic slowdown of the pandemic has

3 Source: Bureau of Economic Analysis—Use of Commodities by Industries
- Summary.

4 Source: American Chemistry Council; US Census Bureau; US International
Trade Commission; ICIS; IHS; FEB; AFPM; TFI; Chlorine Institute; and
Rubber Manufacturers Association.

5 Source: Lens Patent Database—https://www.lens.org/.
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produced a 10.3 percent decline in profits for the period
2017-2022 (Berdousis, 2023). Though profits are projected to
rebound as input costs regularize, the contracting construction
sector and greater public concerns against plastics suggest
increasing risk and uncertainty in the industry.

3 Methodology

The goal of this study is to evaluate the gaps within the current
US policy framework in accomplishing the supply chain integration
of bioplastics. The dimensions of the study included the key players
of the plastics industry, the legislative framework that influences the
the the
socioeconomic forces that influence decision-making. Evaluation

governance and activities within industry, and
theory is applied to design policy interventions, improve the
efficiency of resource allocation, enhance intervention quality,
and create accountability after implementation (European
Commission, 2004). Evaluations are molded through a dynamic
relationship between the theory, evidence/current events, and
experience. Consequently, context generates the goals and
challenges faced (Stern, 2004a).

This paper adapts the approach outlined by Stern (2004b), to
evaluate the gaps within the current US policy framework in
accomplishing the integration of bioplastics. Broadly, Stern’s
simplified methodological approach emphasizes three stages of
reasoning (see Figure 4). Firstly, the policy objective is identified,
along with the necessary criteria to achieve success. Secondly, a
causal link is made to connect the intervention to success. Finally,
changes are identified for improving programs, processes and
participants that activate those causal links (Kaczmarek and
Romaniuk, 2020).

The steps taken in this study are outlined as follows. Firstly, a

model of the plastic supply chain was outlined from individual
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FIGURE 4
Adapted version of Stern’s policy framework gap assessment approach.

bioplastics and conventional plastics supply chains. These supply
chain models were published in industry reports obtained from the
IBISWorld database (Bari, 2022; Berdousis, 2023). Next, official
government websites were surveyed for reports using key terms such
as “bioeconomy,” “bioplastics,” “biofuel,” and “biomass.” The main
sources of information were the official websites of the US
Department of Agriculture, the Department of Energy, the
Federal Register, Congressional Research Services, and the
National Center for Biotechnology Information Advanced
BioFuels USA. These included websites that also fall under the
USDA such as the official websites of the National Institute of Food
and Agriculture, the Economic Research Service, BioPreferred, and
the Farm Service Agency. Links to these sources are included in
Table 1. The reports obtained from these sources were then analyzed
for interactions between key stakeholders, policies implemented,
details of government programs, and issues highlighted. These were
then cross-referenced with the plastic supply chain to highlight the
gaps needed for better integration. These gaps were compared to the
existing bioplastics literature to identify where further research is
required.

The existing policy framework is evaluated on its potential to
stimulate growth in bioplastic production and competitive
substitution into the plastic supply chain. The successful
integration of bioplastics requires higher production levels,
sufficient supply of factors of production, investments into
bioplastics and biomass

production, and finally demand

TABLE 1 Sources.

conditions necessary for material substitution. Given these
conditions, the missing links were identified for research and
policy attention. Importantly, our approach focuses on historic
and current sector activities to answer questions of “what exists”
and “what is missing.” Consequently, it allocates less attention to the
deeper dynamics within each existing feature, or factors exogenous
to the industry and its supply chain. Instead, the goal is to draw
attention to these factors for future research.

4 Bioplastic integration

To adequately address the environmental impact of the plastics
industry, and to reduce its role in securing our petroleum
dependence, conventional plastics must be replaced with more
sustainable materials. However, the bioplastics industry cannot
fully meet the capacity demanded, nor the technical specifications
of all sectors. The task then is to outline the existing plastic supply
chain and identify the weak points that constrain bioplastic
integration.

Firstly, plastic manufacturers source their inputs from tier-one
feedstock suppliers, who acquire their raw materials from extractive
industries. ~ Alternatively, bioplastic =~ manufacturers
feedstock processed from biobased sources including oil-based
crops, starch-based crops, sugar-based crops, lignocellulosic
material, and algae (Wagemann and Tippkotter, 2017). The

source

Site name URL

US Department of Agriculture

Department of Energy

https://www.usda.gov/

https://www.energy.gov/

Federal Register

Congressional Research Services

https://www.federalregister.gov/

https://crsreports.congress.gov/

National Center for Biotechnology Information

Advanced BioFuels USA

https://www.ncbi.nlm.nih.gov

https://advancedbiofuelsusa.info/contact-us

National Institute of Food and Agriculture

Economic Research Service

https://www.nifa.usda.gov/

https://www.ers.usda.gov/

BioPreferred

Farm Service Agency
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https://www.biopreferred.gov/BioPreferred/

https://www.fsa.usda.gov/
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characteristics of biomass sources influence investment decisions,
requiring policymakers to navigate the complexity of technical and
economic options and their unique challenges. Agriculture-related
biomass poses the risk of increasing land use and may require the use
of fertilizers to meet suitable demand, while forest biomass can
potentially incentivize deforestation (Bishop, et al., 2021). Biomass
from municipal solid waste has a low yield and high cost of enzymes
and labor. It is only economical if the production process
incorporates energy generation, but this increases the
environmental impacts as it requires the burning of fossil fuels
(Izaguirre, et al., 2021). Moreover, the largest consumer of biomass
feedstock is the biofuel industry, and there is insufficient supply to
meet the current plastic demand (Bari, 2022). Hence, for bioplastics
to match the output and demand in the existing industry, the supply
of bio-feedstock must also be scaled up. Scaling production may
imply bio-feedstock
manufacturing as well as transitioning existing petrol-based

encouraging new investments into
suppliers. Biomass also relies on food-related crops such as corn,
sugarcane, molasses, cassava, grains, and natural fats and oils
(Bardhan, et al,, 2015). Alternative high-yield sources of biomass,
such as switchgrass, may be able to adjust the cost-benefit ratios as
well as reduce the need to use food crops (Somleva, et al., 2008).
Intrinsically, these decisions are also affected by the factors that
constrain the supply of each feedstock type. Ultimately, bioplastic
inputs can either increase their price or reduce their sustainability.
As such, the most sustainable form of bioplastic product will most
likely be constructed from a blend of biomass types with very
heterogenous properties (Gerassimidou, et al., 2023). However,
combining multiple biomass resources requires compatibilities of
functionalities, structural features, and the dynamic changes within
these compatibilities as other factors change (Ghodake, et al., 2021).
Moreover, the final blend and its technical properties may not be
easily predicted as it depends on the production capacity and
economic viability of each biomass supplier, thus increasing the
risk and uncertainty to investors.

Bioplastic manufacturers process the biobased feedstock into
various forms required by tier-one buyers. Compared to the overall
plastic and resin industry, bioplastic manufacturing falls short
significantly in size with an estimated revenue of $864.7 million
for 2022 (Bari, 2022). First and second-generation bioplastics,
sourced from and those sourced from
feedstocks,

industrial scales, but incurred higher production costs (OECD,

ie., those crops

lignocellulosic have achieved some degree of
2013; Gong, et al,, 2023). True cost-saving economies of scale are
yet to be achieved given technical and supply chain constraints
sufficient, and an inability to attract sufficient investments.
However, the lack of scale suggests that the industry has yet to
attain the lower levels of the average cost associated with mass
production (Rosenboom, et al, 2022). As such, there may be
potential cost advantages of upscaling production leading to
more competitive prices. Bioplastics have already successfully
penetrated the market with the biobased polyethylene (PE),
biobased poly (trimethylene terephthalate) (PTT), and biobased
polyamides (PA) having the largest global bioplastic production
capacities biobased (European Bioplastics, 2022).

The main cost drivers for bioplastics are the availability and cost
of feedstock, the biochemical engineering technology, production

scale, and policy support (Brizga, et al., 2020). It also depends on the
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technical substitutability which varies significantly across plastic
types. Poly(lactide acid), biobased epoxy resin, and poly(ethylene)
are estimated to have 90% technical substitutability for petroplastics
(Shen, et al,, 2010). Other literature argues that biobased polyamide
and polyurethane have a substitutability of 80%, while some
polyethylene only achieves 60% (Brizga, et al, 2020). However,
the silver lining is that the highest rates of substitutability are found
in the bio-based substitutes of conventional non-biodegradable
plastics, allowing for the reduction of fossil fuel consumption at
the very least. Evidence produced by Rhein (2020) suggests that in
European markets, bioplastics with similar technical performance to
their petroleum-based counterparts (drop-ins) were on average
more likely to be adopted compared to bioplastics with new
features. This suggests that companies may be more interested in
replacing conventional plastics with bioplastics with the least
amount of process disruptions. However, companies may not
overlook the advantage of having greater control of composting
conditions and shelf-life. This is the case as the choice of biomass
inputs influences the speed of degradation (Karan, et al., 2019).
Low technical substitution of some bioplastics means fewer
drop-in capabilities, more need to adjust production processes,
and less efficient use of materials (Escobar, et al.,, 2018). Hence,
advancing biotechnology and processing techniques are
prerequisites to both performance and cost improvements
(Karan, et al., 2019). Targeted research programs are required to
improve the industrialization of bioplastics, improve its technical
substitutability, as well as to advance the sustainability of the
industry. Some bioplastics have a more harmful ecological impact
than conventional bioplastics, while others promote increased use of
land and water resources (Brizga, et al., 2020; Liu, et al., 2022).The
inability to identify and separate bioplastics in end-use management
undermines the sustainability objectives by limiting recyclability and
increasing greenhouse gas (GHG) emissions. Hence, a revision of
plastic identification standards and guidelines for life cycle
assessment is necessary to guide converters, consumers, and
recyclers to ensure a sustainable impact, (Rosenboom, et al,
2022). Currently, bioplastic standards are outlined by the
International Organization for Standardization (ISO), European
Committee for Standardization (CEN), and the American Society
for Testing and Materials (ASTM). These address bioplastics
biobased
composting  and

concerning the marine environment,
biodegradability,
communication

content,
environment, industrial
digestion, and

Bioplastics, 2023).

The choice between conventional and bioplastics can either be

of bioplastics (European

influenced by restricting trade/use of petroplastics via policy or
making bioplastics price competitive and allowing market forces to
naturally execute the transition. However, the former would
introduce inflationary pressures given the ubiquity of plastics in
the economy. Hence, production costs must be addressed by scaling
up production, supporting technical progress, and removing cost
escalators. Average costs will fall as production is upscaled, however,
as in the case of biofuel plants, investors are reluctant to invest in
technologies that have not proven their commercial viability and
scalability (CRS, 2015). Therefore, policies like public-private
partnerships, production, and investment credits, or government
pilot projects should be utilized to mitigate the risks and
uncertainties of scaling up bioplastics technologies.
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FIGURE 5
U.S. Biofuel production by type.

On the other hand, household consumption decisions may vary
with income brackets and private companies based on their business
model, i.e., product differentiation or price competition. Incorporating
bioplastics, or biobased products in general, into ESG investment
accounting allows tier-one buyers of industrial plastics to extract tax
reliefs and other financial benefits from their more environmentally
friendly purchases. Moreover, providing an investment or production
tax credit for industries engaged in the sustainable production of
renewable chemicals will also promote bioplastics industries (Singh,
2022). Heavy-handed policy options like banning conventional plastics
would ensure the transition to bioplastics, however, with insufficient
supply and technical substitutability this would introduce bottlenecks
into the supply chain. Instead, akin to renewable fuel standards,
bioplastic or broader biobased product quotas would lock in
demand to potentially allow the industry to accelerate.

Conclusively, the successful integration of bioplastics requires
attention at all points of the supply chain. The industry’s high costs,
low substitutability, and low production of biomass constrain its
ability to upscale production and attract investments. Moreover,
both
performance improvements in bioplastics. Sustainability is also at

attracting demand requires cost improvements and
risk given the existing technology, biomass sources, and standards
for identifying plastics. As such, the growth of this industry will be

limited without a comprehensive policy intervention.

5 The existing US policy environment
for bioplastics

Policies already exist to develop the US bioeconomy by
supporting biofuel and biomass production, although bioplastics
are rarely addressed directly (OECD, 2013). However, they set both
the foundation to understand what works for general biobased

Frontiers in Environmental Science

>
O

M renewable diesel

e

S
S N

> N N
> o Vv
S OSMRN O

v

other biofuels

products, and what gaps remain for bioplastics. The National
Biofuels Action Plan (NBAP) was developed in 2008 to ramp up
biofuel production to help reduce US energy consumption and
reliance on fuel imports (BRDB, 2008). The NBAP promoted
biofuel production by addressing five aspects of the supply chain.
Firstly, raw material inputs are supported to ensure a secured supply
of biobased feedstock production. R&D activities were initiated and
funded to promote the development and industrialization of biofuel
conversion technology. Research activities were also initiated to
reduce the costs associated with the collection and transportation of
materials between facilities.

In 2012, the National Bioeconomy Blueprint (NBB) expanded on
the NBAP intending to establish the US bioeconomy by removing
barriers and developing a bioeconomy workforce (Frisvold, et al., 2021).
The NBB outlaid strategies to initiate an integrated approach towards
developing bioeconomy technologies, funding mechanisms, and
partnerships from all angles. It coordinated the regulations and
institutions needed for comprehensive R&D and for the transition of
innovations from discovery to industry. As such, academic activities were
incentivized towards supplying the indicative needs of the bioeconomy
workforce and creating industry linkages for increased cooperation.

Nevertheless, the NBB had a strong emphasis on bioenergy.
Coupled with the renewable fuel standard (RFS), established under
the Energy Policy Act of 2005, it was able to facilitate the growth of
biofuel production. The extension of the RFS under the Energy
Independence and Security Act of 2007 brought higher prices for
ethanol suppliers to incentivize higher production (McCarty and
Sesmero, 2021). Figure 5 displays the production of biofuels in
billions of gallons®. Biofuel production shows a gradual growth in

6 Source: US Energy Information Administration—Monthly Energy Review.
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FIGURE 6
U.S. Feedstocks consumed to produce biofuels 2021- October
2022.

the late 1990s and early 2000s, but following the implementation of
the extended RFS, biofuel production experienced a massive
expansion doubling its output levels by 2009. However, efforts to
expand biofuel production were entirely streamlined in one
industry, corn ethanol. Figure 6 shows the shares of various
feedstocks used for biofuels for the period 2021 to October
20227. Although the biofuel industry had more than 15 years of
experience with substantial government support, it remained mostly
dependent on feedstock derived from corn.

These policies lay the foundation to be studied to guide the
development of policies for a more comprehensive bioeconomy plan
that puts greater emphasis on bioplastics. The outlook for bioplastics
and the aim to replace conventional plastics requires exponential
growth of the feedstock supply. Given the need to satisfy the RFS
requirements with growing transportation demand, feedstock
production capacity can become a binding constraint to bioplastic
expansion. The experiences of the Biomass Crop Assistance
Programme (BCAP) provide an essential pilot study to identify the
economic factors surrounding the supply of biomass. The BCAP project
was designed to transition agricultural operators and owners of non-
industrial private forest land towards the production, and supply of
BCAP  was
implemented in two programs. Firstly, the project areas program

biomass feedstocks through financial assistance.
aimed to incentivize biomass production with direct payments to
establish energy crops and annual payments for any opportunity
costs incurred by investing in energy crops (Endres, et al, 2010).
The project was unable to motivate producers since the cost of
transporting biomass to biofuel plants offset any potential gains
from investing land and resources towards biomass crops (CRS,
2015). Plant operators also found that it was only economical to
source biomass from suppliers within a 50-mile radius (Eksioglu,

7 Biofuels include fuel ethanol, biodiesel, renewable diesel, renewable
heating oil, renewable jet fuel, renewable naphtha, renewable gasoline,
biobutanol, and “other” biofuels and biointermediates.
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et al,, 2009). Food waste biomass is particularly affected since they
develop pathogens over long distances. The issue is alleviated by
transporting in freezers; however, this increases the energy
consumption and use of fossil fuels. (Bishop, et al, 2022).
Alternatively, the recent acknowledgment of biomass as a source of
both renewable energy and carbon neutrality allows the incorporation
of forest biomass into government funding projects and tax relief
schemes (H.R. 2617 - Consolidated Appropriations Act, 2023).
Therefore, there is also potential to improve profitability through
accounting for biomass as an environment and social governance
(ESG) investment. The Trillion Trees Act (The Trillion Trees Act,
2023) was proposed to increase forest carbon stock and to provide
market incentives to support bioplastics research and development.

The US Department of Agriculture initiated the Value-Added
Producer Grants (VAPG) to encourage agricultural producers to
transform their raw agricultural output to create broadly new
products. The VAPG provided financial assistance to farmers,
which provided the greatest impact on the fruits, nuts, and wine
industries, and no significant impact on energy-related crops
(Boland, et al, 2009). The USDA BioPreferred Program (BPP),
first introduced by the Farm Bill of 2002, requires Federal agencies
and contractors to purchase biobased products over others when
available. It also increases public awareness through USDA-certified
biobased product labeling (Pascoli, et al., 2022). This program
provides demand-side support to both encourage production
investments by securing markets for bioplastics and supporting
successful marketing. However, a closer look at BPP category
items shows great variation in the minimum required biobased
content: packaging items at 25%, shopping, and trash bags at 22%,
outdoor recreational items at 32%, plastic resins at 22%, plastic
lumber at 23%, disposable Tableware 72%, plastic insulating foam
7%, etc. (USDA, 2022).

Finally, the September 2022 Executive Order geared toward
advancing the US bioeconomy has outlined a strategy to consolidate
and extend policy efforts in support of biotechnology and
biomanufacturing (EOP, 2022). It expands existing support for
biotechnology R&D, biobased procurement, and building a
biomanufacturing ecosystem. In addition, it sets out plans for
developing a more data-driven approach for measuring and
centralizing information on the bioeconomy through its data
Risks
bioeconomy are also targeted.

initiative. associated with the establishment of the

6 Discussion

Following the first step in the Stern (2004b) approach, the policy
objective of our framework of policies, literature, and industry
structures is to stimulate growth in bioplastic production and
competitive substitution into the plastic supply chain. The causal
linkages required for this to be accomplished is as follows. Firstly,
each pillar of the bioplastic supply chain must be adequate to
produce the outputs in their right quantities and qualities to
meet the demands for vertical market linkages. Constructively,
markets are centered around first satisfying their customer
demand through the creation of desired value (Drucker, 1973)
while balancing the supply-side activities to facilitate meeting
those demands (Stank, et al, 2012). The same applies to the
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feedstock sub-industry that must meet their derived demand. Next,
the successful integration of bioplastics requires higher production
levels, sufficient supply of factors of production, investments into
bioplastics and biomass production, and finally demand conditions
necessary for material substitution. Moreover, the core driver for the
bioplastics transition is its value of sustainability. Hence, the
products to be supported are those that meet the criteria of
facilitating ~ decarbonization, reducing environmental and
ecological loss, and being economically viable. The bioplastics
supply chain was evaluated on these conditions and the gaps that
require research and policy attention were highlighted.

At the outset, bioplastics have progressed into a well-established
global industry that has been incorporated in many plastic-using
sectors. From packaging to construction biobased plastics have been
incorporated to varying degrees leading to the growing production
of bioplastics. Biofuels have also laid a sufficient foundation for the
entire bioeconomy, by connecting necessary supply chain linkages,
coordinating investments, and facilitating national policy initiatives.
The need to strengthen the supply of ethanol for biodiesel resulted in
support programs like the BCAP, VAPG, and BPP. As such,
suppliers of necessary crops and other sources of biomass were
linked to biorefineries. Markets were further secured through fuel
standards. The increased social awareness and demand for more
sustainable action signals positive support to be expected from
consumers and policymakers. However, bioplastic production
remains only a fraction of the demand for plastics (Bari, 2022;
Berdousis, 2023). The future of the industry and its ability to fully
replace conventional plastics are at risk if the technical, economic,
and sustainability issues are not adequately addressed.

Firstly, the social value of bioplastics outweighs its private value
in its current state resulting in low investment attraction. Bioplastics
have less environmental impact compared to conventional plastics
(Spierling, et al., 2018; Atiwesh, et al., 2021) making it highly sought
so sustainability purposes, but the industry is uncompetitive and
lacks a plan to achieve that competitiveness (Wydra, 2019). Replacing
conventional plastics with bioplastic hinges will require significant
policy support to ensure its economic viability. From an investor’s
perspective, the social interest forming climate-conscious consumers
makes bioplastics marketable due to their biodegradability and role in
potential GHG reduction. However, these remain niche markets given
the cost competitiveness of conventional plastics (Rosenboom, et al.,
2022). Nevertheless, the profitability of bioproducts can be improved by
taking advantage of the green agenda which allows support for
corporations that invest in activities that promote environmental
and social governance (Singh, 2022). Accounting for bioplastics as
an ESG investment allows cost reductions that can improve its
competitiveness. Additionally, the benefits can be expanded upon
given the potential for compounding environmental benefits
throughout the supply chain. The carbon neutrality of some forms
of biomass creates room for improved circularity and fossil fuel
displacements that warrant institutional support. However, the
development of these industry-specific policies requires further
research on both technical and economic fronts, as well as a broader
bioeconomy agenda.

Fortunately, the biofuel industry has developed the foundation
for an expansive bioeconomy. Research in new sources of biomass
and established supplier linkages have provided support for
bioplastic production. Moreover, shocks in international oil
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prices provide incentives for investors to seek out fewer volatile
inputs (Berdousis, 2023). The relative predictability of existing
inputs and their prices may be able to mitigate some of the risks.
However, investors are still faced with the uncertainty of
industrializing technology that is still evolving and one that
currently characterizes high cost, low technical substitutability of
biodegradable materials, and supply constraints to upscaling. All
things considered; the technology has grown substantially within the
last two decades having over 900 published patents as of 2021.°
There is no consensus on the ideal source or sources of feedstock,
though the more recent literature favors microalgae and
lignocellulosic ~ biomass. =~ Complimentary  research  and
development efforts are already underway for the development of
the bioeconomy, particularly towards biofuels, and will continue to
bridge the necessary gaps that hinder the industry’s expansion.
Biomass constitutes a cross-cutting factor input into several
emerging industries. Complementarities within the bioeconomy
introduce the possibility of the co-products of multiple products,
proving adequate incentives for investments and growth. Bioplastics
their
complementary policy actions to support biolubricants, aviation
biofuel, and biofuel for road transport (Wydra, et al, 2021).
Microalgae feedstock has significant gains through the co-

can increase competitiveness when combined with

production of biofuels and bioplastics (Beckstrom, et al., 2020).
Bioplastics, biofuels, and biochemicals can be co-produced from the
bacterium Halomonas bluephagenesis (Park, et al., 2023). Hence,
such complementarities need to be investigated for their potential
economies of scope with benefits not only limited to profitability but
include carbon savings. Moreover, some biomass feedstock sources
can be blended with conventional plastics as an intermediary step
toward improving sustainability (Park and Lee, 2022). Such a
proposal would be akin to the ethanol fuel blends and use of
renewable fuel standards which has proved successful. The more
similar the production activities and the greater degree of shared
resources, the greater the possibilities of co-innovation in bioplastic
production (Liliani, et al., 2020).

Biorefineries stand as a core component in the efforts to
transform the state of the plastics industry. Their position in the
supply chain allows successful integration and impact of circular
economy principles, diversified feedstock sources, and other factors
that support sustainability (Alibardi, et al, 2020).
biorefineries should be one of the main targets for government

Hence,

intervention to support the plastic transition. Accordingly,
biorefineries can become the target for the adoption of new
technologies that improve the efficiency and sustainability of the
industry. For instance, multiproduct operations can improve the
energy intensity and water requirements in algae processing
refineries (Subhadra and Edwards, 2011). Moreover, policy
interventions can incentives traditional biorefineries to adopt new
features such as the processing of biowaste (Alibardi, et al., 2020).
Nonetheless, the design and planning of biorefineries require
foreknowledge of the types of feedstocks being processed and
polymers to be produced. Planning also must consider the
refinery’s proximity to the feedstock suppliers becomes critical
given the experience of agricultural waste but must consider the
capacity constraints and constraints in the supply of feedstock
resources (Patrik and Robert, 2009). Biorefineries require low-
cost feedstock, and efficient technologies in order to supply
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competitive products to producers of plastics and plastic products.
While economic and sustainability criteria can be met through
varying combinations of co-production, the market structure can
also facilitate economies of scale. Fewer numbers of large-capacity
refineries can act as bulk buyers of raw materials which allows their
cost of production and operational costs to be lowered (Patrik and
Robert, 2009).

Addressing such shifts is reliant on the institutional and policy
framework to improve investor confidence in the industry.
Unfortunately, the current framework suffers from the absence
of a clear approach and an outdated national strategy (PCAST,
2022). There is an absence of specific policies targeting bioplastics,
but a sufficient starting point of related but uncoordinated policies.
There is uncertainty in the ability of biomass supply to meet
industry demands and still address biofuel and food needs. This
includes the ability to secure a supply that remains both economic
and sustainable. Low manufacturing capacity and high cost
constrain product marketability, arguing the need for incentive
and market-based policies to improve industry attractiveness
(Hodgson, et al., 2022). The competitiveness and marketability
of bioplastics would be supported through the inflow of
investments and subsequent economies of scale in both
feedstock and plastic production. Nevertheless, advancements
in technology and industrialization methods are needed. As
mentioned earlier, demand-side policies can follow that of the
renewable energy standards which can secure markets and
improve investment attractiveness.

Lastly, while the environmental sustainability of plastics rests
heavily on the end-use processes for plastics, the complex and
heterogeneous nature of plastics and plastic products requires the
imposition of control and comparability through standards and

10.3389/fenvs.2023.1245846

regulations (Krzan, et al., 2006). While the ISO, CEN, and ASTM
produce standards and guidelines for labeling and classification,
the industry still lacks design guidelines that facilitate optimal
recycling. Moreover, product-specific end-use guidelines can
facilitate optimal material recovery and incentives are
necessary to promote recycling and circularity (Watkins, et al.,
2020). Cultural attitudes and behavior about the environment
and recycling will also affect the sustainability of the industry
since incorrect end-life treatment can lead to GHG emissions.
The industry’s success hinges on the continuance of political,
institutional, and societal support. Evidence suggests that
support from the citizenry increase when persons are more
engaged with the technology and can identify direct personal
benefits and have reliable information on pros and cons from
neutral sources (Lynch, et al., 2017).

The balancing act is exemplified by the substantial importance of
the plastic industry to the US economy. Exports account for a third
of the plastic industry’s revenues (Berdousis, 2023), and oil and gas
revenues fund state, education, and local government spending
(Newell and Raimi, 2018). Therefore, the support for bioplastics
would depend on the extent to which it both displaces tax revenues
and employment. State economies built around oil production such
as Texas and California are consequently among the largest plastic-
producing states. However, with rising oil prices exposing the
nation’s vulnerability to shocks bioplastics are becoming more
attractive. The new overarching objective is to attain energy
security and reduced reliance on oil. Although bioplastics are far
from the capacity needed to replace local petroplastics production,
they can assist in weaning the nation off foreign oil imports allowing
the preservation of local production while achieving energy security
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TABLE 2 Policy and research gaps.

Supply chain Existing policy Policy and research gaps

A: Policy:
® Increase biomass production and supply to bio-based feedstock = Biomass Crop Assistance Programme | @ Policies to protect food crop supplies
producers

® Protect food supplies Value-Added Producer Grants ® Biomass for bioplastics policies
® Maintain biofuel supplies Research:

® Which sources are the most sustainable and economical? A
cross-comparison of all biomass sources is needed

What is needed to expand the production of each feedstock
type?

Will large-scale production have negative environmental
effects?

What is required to scale up microalgae production?

B: Policy:

® Incentivize investments into bio-based feedstock production National Bioeconomy Blueprint ® Targeted R&D policies for bioplastics
O Economical and sustainable feedstock sources

® Transition petrol-based feedstock suppliers into bio-based Executive Order 14081 ® Market-based and incentive-based approaches to attracting
feedstock suppliers investments

Biomass Crop Assistance Programme | Research:

® What policies are needed to expand the production of each
feedstock type?

® Are blended feedstocks possible and what would be their
properties?

C: Policy:
® Significantly increases bioplastics production National Bioeconomy Blueprint ® Production and investment incentives
® Increase co-production of biobased products Executive Order 14081 ® Incorporating bioproducts into ESG accounting

® Reduce Cost of Production ® Bioplastics focused R&D:
O Production/industrialization

® Increase R&D O Co-production
® Improve technical substitutability Research:

® How does the co-production of bioplastics and biofuel change
profitability?

What are the demands of investors and are investors interested
in co-production?

Are there other viable forms of co-production?
O blended biomass sources

O biobased and conventional blends

D: Policy:
® Incentivize material substitution USDA BioPreferred ® Incorporating bioproducts into ESG accounting
® Improve labeling and standards ® Bioproduct labelling

Research:

What level of technical substitution is acceptable for
biodegradable bioplastics?

How will companies respond to various policies, e.g., a
bioplastic standard?

Are US buyers interested in drop-ins or bioplastics with
advanced properties?

‘What non-plastic materials can be substituted for conventional
plastics? If bioplastics remain incapable of meeting the demand
for conventional plastics, can other materials be substituted to
lighten the transition load on bioplastics?

(Continued on following page)
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TABLE 2 (Continued) Policy and research gaps.

Supply chain

Existing policy

10.3389/fenvs.2023.1245846

Policy and research gaps

B3

® Improve plastic sorting & collection

Policy:
® Plan for improved recycling system
Research:

® How can end-of-life processes be improved to reduce costs and
increase sustainability?

® Comprehensive Strategy

Executive Order 14081

Conclusively, the systematic summary of this evaluation
is illustrated in Figure 7.° Improving the performance and
competitiveness of the industry requires a cohesive development
of both the supply and demand-side components. Notwithstanding
these policy suggestions, some outstanding questions need to be
addressed for the furtherance of bioplastics. Firstly, the expansion of
bio-feedstock relies on its financial and environmental sustainability
to hold when upscaled. Consequently, the technical, economic and
policy needs to scale up production while maintaining viability are of
high priority. The ability to blend feedstock sources can potentially
alleviate the burden on any one source and limit its potential to
infringe on its alternative uses. This is a technical issue with
implications for the expansion of bioplastic supply, material
substitution, drop-in potential, and the engineering of desirable
features. Moreover, the extent to which biofuels and bioplastics are
competing for resource inputs or potentially complementary ought
to be examined given the risk of undermining one bioeconomy
venture with another. Even so, the various combinations of co-
production need to be extensively assessed. Central to creating
investor confidence and market linkages, bioplastics must meet
the quantitative and qualitative needs of the market. When this is
guaranteed, policymakers will be more capable of executing bio-
based standards in plastic products. Finally, the assessments made
here were with the assumption that existing technology and markets
will remain constant in the future. Forecasting and scenario analyses
are required to assess the competitiveness under changing dynamics
including the potential for oil price drops. Global trends of
decarbonization can lead to falling demand for oil. The
can further the
competitiveness of petroplastics, thus worsening the outlook for

consequent falling oil prices improve
bioplastics. In this case, there will be an increasing need for
government intervention in the industry. The policy gaps and
research questions seen as having the greatest potential impact

on the advancement of bioplastics are highlighted in Table 2.

7 Conclusion

This study outlays the supply chain of the US plastics
industry and assesses the factors needed for the transition

8 Source: Author’s depiction based on IBISWorld Industry Reports on

Bioplastics (Bari, 2022) and Plastic & Resin (Berdousis, 2023)
Manufacturing.
Frontiers in Environmental Science
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® Regulatory uncertainty and outdated national strategy

® Lack of specific mention and policies catered for bioplastics

toward bioplastics. The sheer size of the plastics industry
imposes the need for a gradual transition, though the pace of
transition is constrained by the economic and environmental
milestones needed to be met. The current state of technology and
the capacity of bio feedstock supply apply negative pressures to
investments, while volatile oil prices are increasing the industry’s
attractiveness. Substantial research has been done on bioplastics
substantial gaps remain regarding technical, economic, and
supply chain issues. Existing policies either broadly address
the bioeconomy at large or biofuels. The interconnectedness of
bioeconomy has promising benefits and provides foundational
work that can be built upon. Materializing meaningful transition
of petroplastics requires an intentional and strategic approach to
develop policies across each stage of the bioplastics supply chain.
This requires an initial understanding of the feedstock needs,
material blends, and capacity requirements. Existing legislation
and national policies in support of bioeconomy development lay
a sufficient foundation, however, bioplastics require industry-
specific interventions. As such, this study highlights the need for
a research agenda to fill the gaps necessary to ensure the
sustainability of the industry and reduce the factors that deter
investment. Of these gaps, the questions below were highlighted
but do not represent an exhaustive list.

The discussions within this study are based on the available data
and on the assumption that the existing trends economic and
environmental trends will persist into the future. Firstly,
quantifying the US plastics industry is difficult due to the lack of
a single comprehensive database of plastics data, and the
incoherence of measurement categories across available sources.
Secondly, the need to intervene in the bioplastics industry will
depend on the economic and political factors surrounding
petroleum and petroleum-based products. A positive outlook
would have improvements in technology facilitating a market-led
growth of bioplastics. Additionally, improvements in sustainable
agriculture can improve the environmental impact of bioplastics.
Conversely, changes in the future projections of oil prices can make
petroplastics even more competitive.

Finally, the furtherance of bioplastics requires future technical
and economic research across all points of the supply chain.
Promoting bio-feedstock relies on the sustainability at scaled
economies, the potential for blending and co-production, and the
extent to which the newly engineered features meet market demand.
Conclusively, the competitiveness of bioplastics hinges on potential
market outcomes, particularly the price of oil. As such, the success of
decarbonization can paradoxically cause bio-based products to be
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less competitive since the reduction in oil consumption can also
reduce oil prices. This underscores the need for extensive research
on the technical performance of bioplastics, industrialization
methods, supply chain integration, and the impact of exogenous
factors. These factors have the potential to both advance and
undermine the competitiveness of bioplastics.
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