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ARTICLE INFO ABSTRACT

Keywords: Concerns over climate change and fossil resources depletion are drivers for increasing efforts to global transition
B“’Ifr"d“m ) from fossil-based to biobased products. The development of bioenergy and bioproduct systems, however, faces
Environmental impacts challenges in terms of resource use, environmental impacts, and production costs. Thus, identifying key areas to
Costs . . . . . . .

Bioeconomy reduce costs and environmental impacts of biobased products is crucial. Based on the review of recent literature,

this study aims to provide insights into the technical feasibility, costs, and environmental impacts of biobased
products produced from different renewable biogenic resources, especially in reference to their fossil-based
counterparts. Although biobased products are very diverse, this study focuses on the most promising set of
biobased materials such as bio-chemicals, bioplastics, bio-adhesives, bicarbonates, nanocellulose, biochar, and
activated carbon. By identifying the bottlenecks for reduction of costs and life cycle environmental impacts and
the directions for future research needed in this area, this study would be useful for stakeholders of bioeconomy
including researchers, policymakers, and producers who want to achieve the costs and environmental impacts

Sustainable feedstock supply

reduction goals for sustainable development of biobased products.

1. Introduction

The global interest to improve energy security, prevent fossil
resource depletion, and reduce greenhouse gas (GHG) emissions asso-
ciated with the use of fossil-based products has led to significant
research and industrial efforts toward the development of a biobased
economy or bioeconomy [1-3]. A bioeconomy refers to replacing fossil
resources with biobased resources to produce energy and materials; and
it entails a wide range of low and high-value products, including but not
limited to, energy and fuels, biochemicals, biomaterials such as bio-
adhesives, carbon products, bicarbonates, and nanomaterials [4,5].
Although the definitions of bioeconomy and biobased products differ by
country because of differing focuses, they share the same fundamental
concept, i.e., “increasing utilization of biological products and processes
across economic sectors for environmental and economic benefits” [6].
To encourage the production and use of sustainable biobased products,
various countries have introduced certification programs where the
producers of biobased products can certify their products via partici-
pation in available voluntary labeling initiatives, which requires

measuring the biobased content of a product (via a third party) [7,8].

Biobased products have been gaining recent interest because of their
numerous identified and perceived environmental, economic, and social
benefits [9-13]. Because of such benefits, governmental and private
sectors around the world have been increasing research and develop-
ment efforts, developing long-term strategies, implementing policies
and programs, and investing in developing the technologies to produce
biobased products. For example, the European Union (EU) has declared
the biobased products sector to be a priority area based on its potential
for economic growth, reindustrialization, and addressing societal chal-
lenges [14]. Similarly, authorized by the US Farm Bill of 2002 and the
Agriculture Improvement Act of 2018, the United States Department of
Agriculture (USDA) has created the BioPreferred Program in the US,
which focuses on increasing the purchase and use of biobased products
to spur economic development, create new jobs, and provide new
markets for rural commodities [7].

There are several challenges that need to be overcome for a feasible
transition towards biobased products, including biomass availability,
selection of suitable feedstocks, identifying the optimal location of
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potential biorefineries, as well as numerous economic, environmental,
and social constraints [15]. Design of a sustainable supply chain can
help address some of these challenges [16-18]. At the same time,
evaluating the technical feasibility, costs, and environmental impacts of
different biobased products at the commercial scale are needed to
identify the bottlenecks towards the sustainable development of bio-
based products [19-21]. Techno-economic analysis (TEA) and life cycle
assessment (LCA) are two well recognized scientific tools for evaluating
the sustainability of biobased products and making informed decisions
[22].

The TEA methodology uses information derived from thermody-
namic and material data for process development and technical opti-
mization that allows us to understand the technical and financial
feasibility of processes, products, or services [23]. This analysis allows
us to understand the long-term economic impacts of technologies at
various commercialization levels and to identify the hotspots for
achieving the cost reduction targets [23].

In evaluating the techno-economics of biobased products, the system
boundary usually covers the cradle-to-plant gate, and the reference
include the unit mass of a product (e.g., kg of product) or unit mass of
feedstock (e.g., kg of feedstock). Through process simulations and mass
balance analysis, inputs and outputs (final products, coproducts, and
emissions) are quantified. Some process parameters needed for process
modeling of chemical reactions include temperature, pressure, effi-
ciencies, residence time, etc. Process data are then used for equipment
sizing and determining the required number of different equipment for
the entire manufacturing plant [24]. The main parameters affecting the
economics of bioproducts are then identified through sensitivity
analysis.

LCA is an internationally standardized method that can be used to
evaluate the environmental impacts of a product or service, throughout
their life cycle, from raw material acquisition, through the production
process, until use and disposal or end-of-life [25]. Following the ISO
standards [26,27], the LCA methodology consists of four iterative
methodological phases, namely goal and scope definition, life cycle in-
ventory analysis, life cycle impact assessment, and interpretation [25,
28].

Most of the recent studies on TEA and LCA of biobased products have
reported high production cost of bioproducts from biobased feedstocks
compared to the cost of producing their petroleum counterparts, which
remains the main challenge towards commercialization of the biobased
products. However, a comprehensive evaluation of the environmental
impacts and costs associated with the bioproducts production is lacking.
Thus, the main objective of this review study is to provide insights into
the technical feasibility, costs, and environmental impacts of bio-
products from different biobased resources in comparison with their
functionally equivalent fossil-based products. Additionally, this study
evaluates the effects of various operating conditions and identifies the
bottlenecks towards sustainable development of biobased products
supply chain. Presenting the LCA and TEA performances of all types of
biobased products in this review study is not feasible; so, the scope of
this work is narrowed to the most promising set of biobased products
such as bio-chemicals, bioplastics, bio-adhesives, bicarbonates, nano-
cellulose, biochar, and activated carbon.

2. Classification of biobased products

The list of currently identified biobased products is extensive. As of
2018, the USDA BioPreferred Program [7] has identified approximately
20,000 biobased products, excluding fuel, food, and feed. Because this
list is yet to include additional forest products and textile fiber products,
it has been suggested that a conservative estimate of the total number of
existing bioproducts in the U.S. could be around 40,000 [12], which
could be broadly categorized into different groups (Table 1). Golden and
Handfield [11], categorized biobased products into 6 major groups
based on their application types including: (1) chemicals, (2)
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Table 1
Grouping the biobased products by their types and end uses (excluding energy,
livestock, food, feed, and pharmaceuticals sector).

Based on types [11] Based on end uses [7]

A. Chemicals
A.1 Biopolymers (non-plastics specific)

1. Baby and kids2.
Construction

A.1.1. Derived from polysaccharides, such as starch 3. Custodial services

or chitin 4. Films and packaging
A.1.2 Produced from classical chemical synthesis 5. Food services/cafeteria
using renewable, biobased monomers (e.g., 6. Ground maintenance
polylactic acid (PLA)) 7. Household supplies
A.1.3 Produced by microorganisms or genetically 8. Intermediates
modified bacteria, (e.g., plyhydroxyalkanoates (feedstock)

(PHAs)
A.2 Bioplastics (e.g., polylactic acid (PLA),
plyhydroxyalkanoates (PHAs), plant oils, fatty acids
(FA) and fatty acid methyl esters (FAME), etc.)
A.3 Biolubricants
A.4 Biosolvents
A.5 Biosurfactants
A.6 Other biosynthetics

B. Co-products (biofuel co-products)

C. Biopharmaceuticals

D. Microorganisms and enzymes

E. Inks and dyes

F. Consumer products

9. Miscellaneous

10. Office supplies

11. Operations and
maintenance

12. Personal care and
toiletries

13. Safety equipment

14. Vehicle and equipment
maintenance

co-products, (3) pharmaceuticals, (4) microorganisms and enzymes, (5)
inks and dyes, and (6) consumer products. Biochemicals were further
divided into five subcategories, including (i) non-plastic specific bio-
polymers, (ii) bioplastics, (iii) biolubricants, (iv) biosolvents, and (v)
biosurfactants. The USDA BioPreferred Program [7] has identified 248
biobased product categories, which are grouped into 14 different
headings based on end uses, suggesting a wide range of applications in
consumer/household goods and services, such as household supplies,
personal care and toiletries, and vehicle and equipment maintenance
(Table 1).

The increased use of biobased products leads to reduced petroleum
consumption by substituting petroleum-based products, leading to
reduced dependency on fossil-based resources and providing an oppor-
tunity to reduce air pollutants and GHG emissions in the atmosphere [7,
12,29,30]. For example, such avoided petroleum consumption and the
GHG emissions reductions associated with the production of biobased
products in the US in 2016 was estimated to be 9.40 million barrels, and
12.7 million metric tons (MT) COze/yr, respectively [12]. Similarly, the
annual GHG saving potential of 15 different biobased chemicals
worldwide, using corn starch as feedstock, and assuming full substitu-
tion of the petrochemical equivalents, was estimated to be 512 million
MT COze/yr by 2030 [29]. In addition to carbon mitigation advantages,
biobased products offer other benefits such as lower toxicity or envi-
ronmentally friendly characteristics (e.g., biodegradable plastic mate-
rials) [8,10]. Similarly, increasing the use of fermentation and
bio-catalysis to replace chemical synthesis can obtain higher process
efficiency, leading to reduced energy, water consumption, and toxic
waste generation [8].

Biomass feedstock is the precursor to the bioeconomy and plays a
fundamental role in sustaining and accelerating the growth of the bio-
economy. Biomass feedstock is widely available, and it can serve as the
precursor for a wide range of biobased products, depending on the
production technologies [31,32]. Biomass can be supplied from different
sources, including agricultural residues, forest and forest product resi-
dues, municipal solid waste, and energy crops [33,34]. However,
biomass feedstock supply remains one of the biggest challenges for
sustainable production of bioproducts, mainly due to the competition
with food and feed production, and energy use [13,35]. In this regard,
energy crops along with forest-related residues have some advantages
over other feedstocks, including their capability of growing in marginal
lands, less competition with cropland and resources required to produce
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food crops and reduces the negative environmental impacts associated
with the production of bioproducts [36].

3. Global and US status of biobased industry

More than 50 countries around the world have either dedicated
strategies or are actively working currently to develop relevant policies
and programs related to biobased products [37,38]. The EU, the US,
Brazil, Canada, China, and Malaysia are considered as the global leaders
of the biobased industry, based on their currently installed production
capacity, the planned production capacity, industrial innovation, and
the availability of feedstock sources [39].

The world market size of the global biobased industry, including the
food and feed sector, is estimated to be 10.33 trillion USD in 2018
(Table 2) [38]. Whereas, the market size of the global biobased in-
dustries, excluding the food and feed industries, is valued at 3.43 trillion
USD, and is projected to increase to 5.05 trillion USD by 2030, repre-
senting an increase of about 50% [38].

The global biobased industry, excluding the food and feed sector, is
estimated to require approximately 6.3 billion MT of biomass in 2018,
which is projected to rise by 17% by 2030 (Table 2) [38]. More than
82% of current biomass feedstock is supplied by agricultural sector, with
forestry supplying the rest [38]. The largest biomass-consuming sector is
biorefinery, which is estimated to consume about 2.0 billion MT in 2018
[38]. However, the largest growth in biomass use is projected to occur in
the global construction sector at a compound annual growth rate
(CAGR) of 8.8%, from 361 MT in 2018 to 989 MT in 2030 (Table 2) [38].

While many biobased products and technologies are still at an early
stage of commercialization, a significant number have already been
adopted in the marketplace and their market share is projected to
continue to grow several years ahead [11,14]. The specialty biobased
chemicals (e.g., enzymes, inks and dyes, adhesives, lubricants) and
biobased polymers (e.g., PLA, PHA) are expected to see most of the
growth in the US [11]. In contrast, the biorefining industry, composed of
the pulp and paper industry, constitutes the largest US biobased industry
in terms of employment and total value-added, followed by biobased
plastic and bottles, and forest products [12,20].

A recent assessment [40] estimated that EU bioeconomy provided
jobs to 17.5 million people and added approximately 700 billion USD
worth of value in 2017, which represented 8.9% and 4.7% of the EU
labor force and gross domestic product (GDP), respectively. A similar
study for the US [12] showed that biobased products industry (excluding
energy, livestock, food, feed, and pharmaceuticals sectors) employed
4.65 million workers and contributed 459 billion USD to the US econ-
omy in 2016, representing increases of 16% and 24% relative to the
2013 levels, respectively (Fig. 1). Growths in employment and added

Table 2
Estimated bioeconomy market size and biomass use, 2018-2030 [38].
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value of such magnitudes suggest that the US biobased industry sector is
growing at a faster rate than the aggregate economy and the GDP [12].

Plastics, with global production of 368 million MT, was a leading
cause of negative environmental impacts in 2019 [41], and it is esti-
mated that they will contribute to 20% of global annual oil consumption
by 2050 [42]. The US Environmental Protection Agency (US EPA) has
reported a total 7.65 million MT of plastic waste generated in the US in
2018, which was partially treated with recycling (2.4%) and combustion
(19.0%), but mainly with landfilling (78.6%) [43], which causes several
environmental impacts through leakage to the environment, especially
to the water bodies [44,45]. In the same year, plastics contributed about
1.5% of total annual global emissions of greenhouse gases, i.e., 55.3
billion MT COzeq estimated by the International Panel on Climate
Change (IPCC) [46]. These figures suggest that biobased and biode-
gradable plastics can play important role in reducing the use of high
carbon intensive fossil-based plastics.

Bioplastics are plastic materials which are mostly or entirely pro-
duced from natural resources, such as vegetable oils, corn starch,
woodchips, sugar cane, etc. [47]. For example, ethylene can be pro-
duced from sugar cane, and it can be further processed to manufacture
polyethylene; or lactic acid can be produced from starch, and it can be
further processed to manufacture polylactic acid (PLA), which can be
used in packaging [48]. Bio-polyethylene (BPE), polyamide 11 (PA 11),
polyhydroxyalkanoate (PHA) derived poly-3-hydroxybutyrate (PHB),
polylactic acid or polylactide (PLA), and thermoplastic starch are
different types of bioplastics [49]. The worldwide production capacity of
bioplastic, is quite small, estimated to be at 2.1 MT in 2020 and pro-
jected to grow at a CAGR of around 17.5% until 2030 [50]. Among
different types of bioplastics, polyethylene-terephthalate (PET), starch
blends, PA, PLA, polyethylene (PE), and polytrimethylene terephthalate
(PTT) made up more than half of the total bioplastic production volume
[51].

Like bioplastics, biobased polymers are materials made from natural
resources [52,53]. Similarly, the market share of biobased polymers in
the current global market is very small; with a total production of 3.8
million MT, ~1% of the total production volume of fossil-based poly-
mers in 2019 [54]. The total global production volume of biobased
polymer industry is projected to grow from 4.6 million MT in 2020 to 6.7
million MT capacity in 2025, indicating an average CAGR of ~8% [55].
The global market for adhesives was estimated to be $53 billion in 2019,
and it is expected to increase by 4.5% annually, from 2020 to 2030, to
$85.7 billion by 2030 [56]. The market for adhesives can be categorized
by adhesive production technology, type of resin, and flexibility and
mode of application [57]. Fossil-based adhesives are usually produced
as the co-products of petroleum-based processes; formaldehyde-based
adhesives are usually used for the production of engineered wood

Industries Market size Biomass use

2018 2030 CAGR 2018 2030 CAGR

Billion USD % Million MT %
All biobased industries 10330 12819 1.8 23369 26613 1.1
All biobased industries, excluding food and feed 3430 5054 3.3 6259 7348 1.4
Major industries
Pharmaceuticals 264 760 9.2 68 91 2.4
Textiles and wearing apparel 417 686 4.1 119 185 3.7
Building materials and construction 331 682 6.2 361 989 8.8
Packaging 375 544 3.2 161 352 6.8
Motor vehicles and components 255 526 6.2 255 520 6.2
Other forest products 133 201 3.5 206 310 3.2
Electronics and electrical products 117 217 5.1 37 67 7.2
Machinery and equipment 52 96 5.3 34 58 4.5
Biomass energy and biofuels 143 18 2.3 2011 2419 1.6
Food and feed losses and waste for composting purposes 2300 2590 1.0 5700 6400 1.0
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Fig. 1. Total employment and value-added contributions of US biobased products industry in 2013, 2014, and 2016 [12].

products such as wood panels using mainly urea-formaldehyde (UF),
phenol formaldehyde (PF), and melamine-urea formaldehyde (MUF)
[31]. These adhesives are known as resin and some of their features
include low curing temperatures, excellent adhesion properties, water
resistance, and low price [57,58]. In 2019, resin production in the U.S.
reached nearly 55 million metric ton, on a dry weight basis [59].

Overall, it may be seen that there is great growth potential for bio-
based products. Their economic and environmental impacts may be
investigated using LCA and TEA methodologies. This work will syn-
thesize recent studies of biobased products studies to provide insight
into this category.

4. Review methodology

This work comprises a literature review of the recent studies on LCA
and TEA of biobased products published over the last 20 years
(2003-2022). The review methodology included defining the review
questions, identifying related work, selecting criteria, synthesizing the
evidence, and interpreting the results [60]. A literature search of
peer-reviewed journal articles in English language was performed in
Scopus database. The search field of “Title, Abstract, Keywords” was
selected for this work; and the search strings included “life cycle
assessment” OR “techno economic analysis” OR “bio-chemicals” OR
“bioplastics” OR “bio-adhesive” OR “bicarbonates” OR “nanocellulose”
OR “carbon nanofibers” OR “biochar” OR “activated carbon”. From the
search results, after review of the title and keywords of peer-reviewed
publications, 290 research studies were selected for abstract screening;
and then after abstract screening, 180 studies were selected for full text
screening. Subsequently, 110 documents were selected as related works
and included in this review study (Fig. 2). Among all journals, “Journal
of Cleaner Production” and “Bioresource Technology” had the highest
number of publications. Among all journal publishers, Elsevier
contributed more publications. This study did not cover conference
papers, book chapters, and non-English documents.

In this review of TEA and LCA of biobased products, some of the most
common parameters representing the economic performance, e.g.,
minimum selling price (MSP), capital costs, and operating costs, as well
as some environmental impacts, e.g., global warming impact, acidifi-
cation, eutrophication, are reported. MSP represents the selling price

Table 3
Summary of techno-economic analysis (TEA) and life cycle assessment (LCA)
publications on biobased products.

Biobased product Number of TEA Number of LCA

studies studies
Biochemicals and bioplastics 12 25
Bio-adhesive 5 10
Biochar, activated carbon, carbon 23 38

nanofibers and nanocellulose

required to reach the break-even point and make zero profit.

5. LCA and TEA of bioproducts

In this section, we summarized a comprehensive review of the pro-
duction technologies, key findings of LCA and TEA, and identified bot-
tlenecks of commercial production of bioproducts including bio-
chemicals, bioplastics, bio-adhesive, biochar, activated carbon, carbon
nanofiber, and nanocellulose. Table 3 summarizes the number of pub-
lications in each category of biobased products focused in this study.

5.1. LCA and TEA of bio-chemicals and bioplastics

Different components of biomass, such as lignin, cellulose, and hemi-
cellulose, can be processed through pyrolysis to produce mixtures of
aromatics, olefins, CO, CO,, water, and other products. Therefore, a
wide range of chemical products has been identified which can be
potentially produced from biobased feedstocks. This review, however,
focuses on understanding costs and environmental impacts of few bio-
chemicals, which are currently highly related to the global community
and there is high interest towards their commercialization, including
benzene, toluene, and xylene (BTX), and bioplastics.

5.1.1. Benzene, toluene, and xylene (BTX)

Catalytic fast pyrolysis (CFP) is the most common pyrolysis approach
used to produce a mixture of aromatics, olefins, and a variety of other
biochemicals (Fig. 3) [61]. The aromatics include hydrocarbon chem-
icals, such as BTX, and naphthalene, among other aromatics. The olefins

Abstract
screening

Title
screening

Scopus
search

documents

Data
collection

Full text
screening

180

Fig. 2. Selection process for identifying related works.
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Fig. 3. Schematic overview of hydrocarbon chemicals (i.e., BTX) production through pyrolysis [61]. Stage fractions (SF), benzene, toluene, and xylene (BTX),

fluidized catalytic cracking (FCC).

Table 4
Carbon yield and carbon selectivity in BTX production [61].

Process Hydrogen Carbon yields and carbon selectivity (%)
consumptlor? (8/100 Aromatics Olefins
g of carbon in feed)
Ru/H2+Pt/ 8.1 18.3 43.0
H2+Zeolite Carbon selectivity (%)
Benzene 27.0  Ethylene 32.0
Toluene 49.3  Propylene 53.8
Xylene 19.1  Butylene 14.2
Ethyl 23 - -
Benzene

mainly include ethylene, propylene, and butylene [61]. Stage fractions
(SFs) 1&2 go through water-washing process, in which the water-soluble
fraction is separated, and proceed with a two-stage hydroprocessing and
fluidized catalytic cracking (FCC) for the production of BTX and olefins.
The temperature and pressure for the first and second hydrotreating
stages are 398 Kelvin (K) and 100 bar, and 523 K and 100 bar, respec-
tively (Fig. 3) [61]. Hydrotreating process is conducted at the presence
of Ru/C catalyst [61]. Carbon yields and carbon selectivity for each
product are presented in Table 4.

In a previous study [61] it was found that integrated bio-refineries,
which produce biochemicals and BTX through fast pyrolysis of
biomass had lower capital cost and operating cost. The minimum selling
price (MSP) of BTX was estimated to be $1110/t, while it was reported

Biobased
Bioplastics
PE,PET, | poc” e
BB blends - é
Non- T: . ‘
biodegradble _ 2 Biodegradble
Conventional S
plastics (PE, PBAT. &
PP.PET) PCL 3

Fossil-based

Fig. 4. Different types of plastics [64]. Polyethylene (PE), polyethylene tere-
phthalate (PET), polyamide (PA), polytrimethylene terephthalate (PTT), poly-
lactic acid (PLA), polyhydroxyalkanoates (PHA), polybutylene succinate (PBS),
polypropylene (PP), polybutylene adipate terephthalate (PBAT), poly-
caprolactone (PCL).

as $0.82/L for biofuels and $461/t for biochemicals [61]. In addition,
production of hydrocarbon chemicals showed a higher probability of
being economically profitable compared to biofuels, due to higher rev-
enue and less fluctuation in the market price [61].

5.1.2. Bioplastics

Bioplastics are alternatives to fossil-based plastics, which are man-
ufactured from plants or other organic resources, thus, reducing fossil
resource use such as petroleum [62]. Most biobased plastics are
considered either biodegradable only under specific conditions or
non-biodegradable [63]. Some biodegradable bioplastics include PLA,
PHA, polybutylene succinate (PBS) and starch blends (Fig. 4) [64]. PHAs
are biodegradable bioplastics that are conventionally produced from
first-generation biomass [65], and they are expected to see the highest
growth rate in the near future to be used mostly in flexible and rigid
packaging [64].

Previous studies have demonstrated lower fossil fuel use and harmful
health and environmental impacts of starch, PLA, and PHA biobased
composites compared to fossil-based plastics [66]. However, some bio-
based plastics require additional processing for biological materials. For
example, drying is needed for pretreatment of biobased feedstock before
conversion processes, which can cause environmental impacts associ-
ated with electricity generation or natural gas combustion [67]. While
replacing fossil-based plastics with bioplastics in different applications
(e.g, packaging, construction, electronics, and household uses) have
been shown to reduce global warming impacts, they are associated with
increased eutrophication and acidification impacts [47]. Higher eutro-
phication and acidification impacts are mainly due to the use of agri-
cultural inputs, especially chemical fertilizers for growing feedstock,
which magnifies with the new production and recycling (aimed at
reducing the cradle-to-grave environmental impacts) of bioplastics [47].
In some cases, there aren’t any significant differences in environmental
impacts of PLA composites, bioplastics from organic fillers, i.e., dis-
tiller’s dried grains with solubles (DDGS)), flax, hemp, rice husks, and
wood, compared to the environmental impacts and energy intensity of
petroleum-based plastics from inorganic fillers, i.e., glass and talc
(Fig. 5) [49].

In terms of production cost, bioplastics from organic fillers, i.e.,
DDGS, flax, hemp, rice husks, and wood, have shown comparable [49]
or higher [47] production cost compared to petroleum-based plastics
from inorganic fillers, i.e., glass and talc (Fig. 6). Higher production cost
of bioplastics can be attributed to the high feedstock cost as well as
smaller capacity of the production facility and the use of emerging or
nascent technology for bioplastics compared to established technologies
in the production of petroleum-based plastics [47].

The production cost of PHAs has been reported to be higher than
other biopolymers, mostly due to the high cost of raw materials and
chemicals used in PHA production [62]. To address these challenges, use
of secondary residual feedstocks, e.g., biogas, wastewater, and sewage
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Fig. 5. Life-cycle environmental impacts of bioplastics compared to petroleum-based plastics [49].

8 A
6-
~
on
=
\./4'
-
wn
o
O
Z-
0
2 e
- = =
a8 @ 7]
z2S =
£s =
- =
s 2 B
Q".D

Fig. 6. Production costs of bioplastics compared to petroleum-based plas-
tics [49].

sludge has been technically demonstrated to be feasible in the literature
[68,69]. In this regard, production of PHAs from urban waste has shown
better economic and environmental performances compared to PHAs
from first-generation biomass [62]. Alternative management of waste

and biorefinery residues are important factors affecting the economic
and environmental performances of PHAs. In addition, use of sodium
hypochlorite for PHA extraction, and CH4 leakage from anaerobic
digestion are the main opportunities for the reduction of costs and
environmental impacts [62]. Davidson et al. [70] studied the environ-
mental impacts and costs of producing hydroxymethylfurfural (HMF)
and 2,5-furandicarboxylic acid (FDCA) and their derived biobased
chemicals. They concluded that the production of HMF and FDCA and
their derived products may offer lower COzemissions compared to their
fossil counterparts; however, they are worse in other environmental
impact categories. They are also less viable in terms of economic per-
formance mainly due to higher production costs.

5.2. Bio-adhesives

Adhesives are chemicals that are being used as binding agents in
different applications, such as the automotive, aerospace, and wood
industries [71]. Adhesives are also important constituents for the
manufacture of wood-based panels [58,72-74]. The release of volatile
organic compounds (VOCs) and formaldehyde vapors from adhesives
causes human health damage [58]. Bioadhesives compared to tradi-
tional adhesives, have improved mechanical and chemical properties
[75]. Also, formaldehyde has been removed from their composition [76,
771.

Bio-adhesives can be produced from different feedstocks, such as soy
and corn proteins [78], starches [79], bio-glycerol, and lignin [73,80,
81]. Soy protein-based adhesive is a widely used bio-adhesive in the
wood panel sector [73,82], and some of its advantages include low cost,
low pressing temperatures, as well as its capability for being used for
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wood with higher moisture content [31]. Lignin is a promising feedstock
for the production of bio-adhesives, and a by-product of pulp
manufacturing processes and cellulosic biofuel production process, with
its composition widely changing depending on the composition of raw
materials; thus, offering a wide range of applications [83]. The chemical
structure of lignin is like that of phenol; so, it can be used as an alter-
native to phenol in the synthesis of phenol-formaldehyde (PF). Tannins
are another potential feedstock for bio-adhesive production, which are
currently used at industrial scale; however, production of tannin-based
adhesive is limited due to supply constraints of tannins. Tannins are
obtained from bark of pine, quebracho, oak, and chestnut, as well as
leaves and fruits of plants, and some of the applications of tannin-based
adhesives include the manufacture of inks and dyes [84]. Fig. 7 shows
the production process of bioadhesives and petrochemical adhesives.

Despite the global interest and potential development of bio-
adhesives, the technology is still in its infancy, and literature lacks a
comprehensive review of bottlenecks for sustainable development of
bioadhesives. Limited literature focuses on evaluation of environmental
impacts and costs of composites from the timber industry, in which
bioadhesives are considered as auxiliary materials [74,85]. Bioadhesive
have demonstrated to have lower environmental impacts compared to
petrochemical adhesives [80,86]; so, replacing PF with bio-adhesive
will reduce the overall environmental profile of wood-based panel
production [86]. Among different types of bioadhesives and fossil-based
adhesives, soy and tannin-based bio-adhesives have demonstrated to
have better overall environmental profile than fossil resins, while
lignin-based adhesives tend to have a poorer environmental profile
(Fig. 8) [31].

McDevitt and Grigsby [80] evaluated the environmental impacts and
resources used during the life cycle of medium-density fiberboard (MDF)
made from biobased adhesives (lignin-protein composite) compared
with MDF made from the petrochemical adhesive (urea formaldehyde
resin). The use of bio-adhesive reduced the single-score environmental
impacts by 22% compared to the use of petrochemical adhesive. In
addition, resource depletion of petrochemical adhesive was 40% higher
than that of bio-adhesive [80]. Yang and Rosentrater [57] concluded
that the production of structural adhesives from bio-glycerol had lower
environmental burdens than those from petro-glycerol.

The MSP of structural bio-adhesive has been reported to be $3.11/
kg, primarily attributing to feedstock cost [87]. In addition, the unit
production cost of structural bio-adhesives was estimated to be
$2.45/kg, which was comparable with the price of petrochemical ad-
hesive available in the current market, and it showed a decreasing trend
with an increase in plant scale. It was also noted that the addition of
transportation and distribution costs after the biorefinery may increase
the unit production cost.
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In terms of the key factors affecting the environmental impacts and
costs of bio-adhesive production, the glyoxalation stage was reported as
the main contributor to the environmental burdens of bioadhesive
production from lignin [31]; thus, optimization of process parameters
for glyoxalation could significantly affect the environmental impacts of
the system. In addition, use of local mineral resources has been identi-
fied as one of the main parameters affecting the overall environmental
impacts of both petrochemical and biobased adhesives [80]. Electricity
source and the product yield have also been identified as the key factors
affecting the global warming impact of bioadhesives [57]. For example,
use of electricity from coal has significantly increased the global
warming impact of bioadhesive production compared to its production
using biomass-based electricity (Fig. 9).

5.3. LCA and TEA of biochar

Biochar has different and diverse applications not limited to soil
amendment in agriculture and horticulture, activated carbon filters for
water treatment, cosmetics and medicines, environmental remediation,
and construction materials. Biochar can be considered as a carbon-
neutral or even carbon-negative solution when it is applied as soil
amendment [88]. Biochar can be used as an alternative to conventional
filler materials for producing lighter composites which can be used in
the automotive industry, to help mitigate GHG emissions associated
with fossil-based counterparts [89-91]. The environmental benefits
achieved from renewable filler materials are mainly because of weight
reduction resulting in fuel saving opportunity during the use phase of
automotive components that incorporates renewable filler materials
[89]. A wide range of feedstocks, including energy crops (e.g., switch-
grass) [92], forest residues [93-97], miscanthus [98], poultry litter [99]
and sewage sludge [100] have been identified as a promising candidate
for biochar production.

Biochar can be produced from different thermochemical conversion
technologies, such as conventional pyrolysis, microwave pyrolysis, and
gasification [101]. Conventional pyrolysis is the most frequently used
approach to produce biochar (Fig. 10). Pyrolysis involves thermal
decomposition of dry biomass at a temperature ranging from 400 to
700 °C, with a partial supply of oxygen [102]. Based on the process
conditions, the process is classified as slow pyrolysis (5-7 °C/min
heating rate and the vapor residence time more than 1 h) and fast py-
rolysis (more than 200 °C/min heating rate and vapor residence time
less than 10 s) [103]. In addition to residence time and temperature,
type of biomass and heating rate also affect the biochar quality and yield
[104]. These pyrolysis process conditions affect the physicochemical
properties and yield of biochar. In fast pyrolysis, compared with slow
pyrolysis, biochar production yield and the surface area are both lower
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[105].

Microwave pyrolysis is a relatively novel technology for production
of biochar, which involves uniform penetration of microwave radiation
throughout the treated biomass at a heating rate ranging from 0.1 to
more than 1000 °C/s [108]. Some advantages of microwave pyrolysis
compared to conventional approach include faster and more selective
heat generation system [109], less pre-treatment needs, such as drying
[110], as well as rapid and convenient start-up and shutdown [110].
Conversely, it has less flexibility of the input materials, and uncertainty
of scale-up economics due to technological immaturity [110].

Gasification is used to produce biochar through thermochemical
conversion technology, where biomass is partially oxidized at
600-900 °C or higher [105]. Gasifying agents that may be used include
COo, air, oxygen, steam, or a mixture of these gases. The major product
of gasification is syngas; thus, the biochar to feedstock mass ratio is quite
low, i.e., 5-10% [111].

Considering different applications of biochar, use of biochar as an
alternative to chemical fertilizer to cereal crops has shown to reduce the
nitrate leaching and eutrophication potential by 63% compared to the
use of chemical fertilizers [112]. Type of feedstock was identified as one
of the main factors affecting the environmental impacts of biochar

production [113]. In addition, variation in crop yield based on the re-
gion, land use efficiency, and crop lifetime considered for LCA studies in
perennial crops are the main reasons for variation in the results [114]. In
a 2014 study [115], GHG emissions and carbon cycling of biochar from
different feedstocks (forest residue and corn stover) were evaluated and
the results showed that emissions reduction from the use of corn fodder
was higher than that from use of forest residue (Fig. 11). Stable carbon in
the biochar was the main factor affecting the GHG emissions reduction
for both feedstocks. It was found that optimization of pyrolysis system
had a significant impact in sequestration of stable carbon in soil [115].

The driving force for GW impacts for biochar varied by feedstock
source. GW impact of biochar production from miscanthus cultivated on
marginal land, through slow pyrolysis, was estimated to be 118 kg COy/
t, which was dominated by miscanthus cultivation (93 kg COzeq/t),
followed by pyrolysis process (23 kg COzeq/t), and logistics operations
(5 kg CO2eq/t) [114]. GW impact was mainly affected by miscanthus
yield and biochar yield. Miscanthus cultivation had also the highest
contribution in acidification and non-carcinogenic potential impacts;
while transportation and pyrolysis were the main contributors to the
impact categories of eutrophication, smog and ecotoxicity, and carci-
nogenic potential, ozone depletion potential, and fossil resources
depletion. It was shown that biochar production from switchgrass had
higher net energy (4899 MJ/t dry feedstock) and GHG emissions (36 kg
COqe/t dry feedstock), compared to its production from corn stover, and
yard waste [98]. Net GHG emissions for both corn stover and yard waste
were estimated to be —864 and —885 kg COse/t dry feedstock, respec-
tively. Higher GHG emissions of switchgrass was due to inputs used for
feedstock cultivation, as well as land use change impact. A recent study
[92] evaluated the GHG emissions and energy use for biochar produc-
tion from switchgrass through pyrolysis technology in an auger reactor,
by considering bio-oil and syngas as co-products. The system boundaries
covered from cultivation of switchgrass on marginal lands, up to
amendment of biochar in the field. Carbon sequestration and N,O
emissions reduction were also assessed. GHG emissions balance was
estimated to be —2110 and —2561 kg COe/t biochar for slow pyrolysis
and fast pyrolysis, respectively, which indicates that biochar production
from energy crop through pyrolysis can be a negative emission tech-
nology. GHG emissions reduction was dominant by carbon sequestra-
tion, which was mainly due to high carbon content and stability of
carbon in biochar. Fast pyrolysis required more energy (13,563 MJ/t
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Table 5
Contribution of life cycle stages to the GHG emissions of pelletized biochar.
Life cycle stage Contribution (kg CO5eq/t dried Contribution
feedstock) (%)
Feedstock cultivation 199 -27
Pyrolysis 52 -7
Palletization 22 -3
Packaging 7 -1
Use in soil as a carbon —368 50
sink
Avoided use of heat —252 34
Avoided use of —398 54
electricity
Total -737 100

biochar) compared to slow pyrolysis (2925 MJ/t biochar) which trans-
lated to corresponding GHG emissions (Fig. 12), mainly due to energy
consumption during the pyrolysis process.

GHG emissions in pellet biochar from miscanthus was found to be
primarily from biomass cultivation, while GHG credit was dominated by
carbon sequestration due to use of biochar and avoided use of electricity
(Table 5) [114,117]. Optimization of agronomic inputs for miscanthus
cultivation and improvement in yield is expected to significantly reduce
the life cycle environmental impacts of biochar.

5.4. LCA and TEA of activated carbon

Activated carbon (AC) is a form of carbon processed with high sur-
face area and porosity, which has high value-added applications in
adsorption for water purification or other industrial processes [118]. It
is mainly produced through pyrolysis of carbonaceous raw materials,
such as coal, peat, nutshell, coconut husk, and wood, at a temperature
lower than 1000 °C [119,120]. AC can be used to remove air or water
pollutants. Some examples of its application include wastewater treat-
ment, groundwater remediation, and air purification [121].

Biochar can be a precursor of AC while graphene can be extracted
from the graphite fraction. However, currently, most AC is produced
from coal. Some studies have evaluated substitution of coal-based AC
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with alternative bioproducts such as biomass-based AC and graphene
[120,122]. Cossutta et al. [122] evaluated the environmental impacts of
graphene and AC in production of supercapacitor. They stated that
graphene-based devices had overall 14% (in fossil resources depletion)
to 43% (in photochemical ozone formation) less environmental impacts
than supercapacitor from AC. Graphene-based device also had 36% less
GHG emissions. They concluded that with an improved technical per-
formance, optimized production scale, and developed recycling tech-
nologies, graphene is a more-environment-friendly substitute for AC.
The GW impact from manufacturing the supercapacitor from graphene
was estimated to be ~2.5 times higher than that from AC (Fig. 13),
mainly due to more active material requirement and higher GHG
emissions of production of graphene compared to AC (~80 gCOseq/g vs
5 gC02eq/g).

Graphene-based supercapacitors with current material performance
and energy mix-represent a greater environmental burden than con-
ventional AC-based devices. A key factor in the poor environmental
performance of the graphene supercapacitor is the high greenhouse gas
intensity of primary graphene production, which dominates the pro-
duction emissions. The inferior specific capacitance of graphene, when
compared with AC, results in a larger and heavier device that requires
more active material and greater material inputs, incurring greater use-
phase impacts due to mass-induced fuel consumption.

Kim et al. [119] evaluated environmental impacts of AC production
from wood waste, based on one tonne of feedstock, and compared them
with those of coal-based AC. They found that AC from wood waste had
9.69 kg CO2eq/kg less GW impact than from coal. Use of wood waste for
production of AC, in addition to less GW impact during the production
process of AC, has environmental benefits over landfilling wood waste,
which was reported to have about 17 times higher GW impact (163 kg
CO9eq/t of wood waste). In production of AC, type of feedstock is one of
the main parameters affecting the energy consumption (43.4-277
MJ/kg AC) and GHG emissions (3.96-22.0 kg COzeq/kg AC) [118]. This
is mainly affected by the composition of biomass in terms of hydrogen
and oxygen contents, and process parameters, such as activation tem-
perature [118].

Evaluation of technical feasibility and costs of biochar production
from different feedstocks have been the subject of several studies.
Haeldermans et al. [123] compared the technical feasibility and costs of
conventional and microwave pyrolysis technologies for biochar
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production from various residue streams. They estimated the MSP of
biochar to be $510-1010/t in conventional pyrolysis, however it was in
the range of $660-1150/t in microwave pyrolysis. Roberts et al. [98]
estimated the production costs of biochar systems from different sour-
ces, including agricultural residues (corn stover), yard waste, and
switchgrass energy crops. The results revealed that the economic
competitiveness of the pyrolysis-biochar system was mainly affected by
costs of feedstock supply, pyrolysis, and credit associated with carbon
savings. Supply of feedstock (biomass) from sources that would other-
wise need waste management, such as yard waste, has a great potential
for economic competitiveness ($69/t dry feedstock when the credit from
COze emission reductions was $80/t CO»e). In addition to feedstock
type, transportation distance causes significant variations on overall
economic profitability of biochar [98].

Evaluation of techno-economics of centralized biochar production
utilizing woody biomass in Canada for establishing a 1 MWh biochar-
based bioenergy plant revealed that the cost of pyrolysis section
($381,536/yr, 36% of cost of the production system) had the highest
share in overall cost of plant, followed by storage and processing, i.e.,
pelletization ($237,171/yr) (Fig. 14). The costs were based on a 25-year
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average annual cost. Costs of land application of biochar was estimated
to be $156,739/yr and $133,228/yr for low and high availability of
feedstock, respectively, which accounted for 14% of overall production
cost. Feedstock collection cost was estimated to be ~$134,000/yr (low
availability) and ~$114,000/yr (high availability), which accounted for
12% of overall production cost. Transportation costs for low and high
availability were estimated to be $97,962/yr and $83,268/yr, respec-
tively, which accounted for 9% of overall production cost. Overall cost
of purchasing pyrolizer equipment, transport, installation, and associ-
ated cost of environmental burdens was estimated to be $82,727/yr
[93].

Comparison of techno-economics of conventional and microwave
pyrolysis technologies from residue streams revealed that MSP of bio-
char in conventional and microwave pyrolysis technologies was $510-
1010/t and $660-1150/t, respectively. Thus, conventional pyrolysis was
financially more viable than microwave pyrolysis [123]. By-product
credit was also shown to be an important factor affecting the MSP of
biochar. The impacts of credit from heat and power on overall
techno-economics of biochar production from poultry litter through
pyrolysis/gasification affected the MSP of biochar; so that the MSP was
estimated to be ~$300/t with no credit from heat and power generation;
while it could be reduced to ~$244/t, provided that electricity and heat
be sold at ~$82/MW and ~$6.8/MWh, respectively [99]. The cost of
handling and storing feedstock was $27.44/t. Feedstock cost and carbon
content of biochar were identified as main factors affecting the
techno-economics of biochar from poultry litter, while ash and moisture
content were the main contributors to the quality of biochar. Lower ash
content caused higher carbon content, which is one of the quality pa-
rameters of biochar.

5.5. Carbon capture technology in production on biobased materials

Development of bioproducts faces an important challenge, which is
lower hydrogen to carbon ratio of biomass compared to petroleum,
which causes production of a large amount of CO,. Even though the
source of carbon is biomass, carbon capture and utilization is an effec-
tive technology for the future biorefineries to further reduce the CO5
emissions during the conversion processes [124]. Currently, carbon
capture and storage technology is not economically competitive in most
of its applications [125], and CO, valorization is an alternative tech-
nology to convert CO, into various forms of bioproducts, such as
nanomaterials and bicarbonates.

6. Key drivers promoting growth of biobased industry

Currently, more than 50 countries have dedicated strategies in place,
or they are in process of developing strategies to promote their bio-
economies [37,38]. Such strategies involving government mandate and
supports and increasing investment in research and product-
s/technologies development through public-private partnership have
played a key role in developing and growing biobased products and
industry worldwide. According to a survey conducted by the Joint
Research Center in EU [39], the most important factors driving the
development of biobased industry were product competitiveness, eco-
nomic profitability, novelty of products, and environmental perfor-
mance of the products [39]. Key drivers especially responsible for
influencing bioeconomy in the US, based on the literature review by
Golden and Handfield [11] include: 1) government drivers (policies and
laws and regulations), 2) industry drivers (perceived competitive
advantage in both costs and eco-friendly marketing to consumers), 3)
consumer drivers (preferences towards biobased products relative to the
petroleum-based products, 4) NGOs (campaign and awareness programs
to promote biobased products). According to Lange et al. [126], some of
the key drivers of biobased economy in the EU, most of which are also
true for the US and other regions of the world, are: 1) abundant supply of
biomass, 2) concern for climate change mitigation and focus on
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renewable, biobased fuels, 3) substitute for fossil-based chemicals and
materials, 4) biorefineries stimulating rural development, livelihood,
and jobs.

7. Main barriers and challenges hindering the growth of
biobased industry

Although biobased products and related industries offer multitude of
economic and environmental benefits and strengths and opportunities to
expand further, they also face several challenges and barriers at present.
Key barriers and challenges identified by companies and businesses
engaged in biobased industry include: 1) potential high upfront capital
costs; 2) higher production cost (especially feedstocks) of biobased
products compared to their petroleum alternatives; 3) lack of available
funds to invest in production capacity; 4) underdeveloped technologies
or lack of viable technologies; 5) inadequate policy support; 6) ambig-
uous public perception about environmental benefits of biobased
products; 7) fluctuating oil prices; 8) varying feedstock price and limited
supply; and 8) sustainability concerns (e.g., indirect land use competi-
tion for food, feed, fuel, and feedstock for biobased materials [30,38,39,
126-128]. It is worth mentioning that there are some limitations in TEA
and LCA studies for bioproducts; for example, some of these products
have not yet reached their commercial scales; therefore, there is a lack of
data availability in terms of cost and life-cycle inventory. In addition,
the environmental impacts associated with end-of-life of biobased
products also has a contribution to overall products’ life cycle impacts
[129]. However, this review study did not take into consideration the
end-of-life impacts because most of the literature studies fail to integrate
the end-of-life option into a product’s life cycle in a systemic perspective
[130,131]. Most consumers are uncertain about the benefits of using
biobased products as an alternative to petroleum-based products [11].
However, consumers in general are willing to pay 5-10% extra for
biologically derived plastic alternatives [11,132]. Given the high cost of
production and consumers’ relatively low willingness to pay for green
products, biobased products can compete on price with petroleum-based
alternatives only if oil prices are high [132]. However, until recently, oil
prices have been historically low in recent years thus threatening the
market competitiveness of biobased products [132].

Although bioproducts typically offer reduced CO2 emissions due to
lower energy, water, raw material, and chemical consumption compared
with fossil-based products, there are several concerns related to the
sustainability of biomass-derived products, especially if feedstocks are
produced using input-intensive agriculture [30]. The most common
concerns about biobased products are that they: 1) contribute to indirect
land use change through competition for land needed for food and feed
production, 2) have negative impact on biodiversity (e.g., due to
monoculture crops/plantations), 3) provide limited GHG benefit with
relatively high cost, 4) contribute to higher food prices through
competition for resources for the feedstock production [30,133].
Therefore, whether biobased products provide intended environmental
benefits depends on the type of feedstock, region of production, tech-
nological level, and production scale [30]. Most of the potential negative
impacts associated with input-intensive agriculture could be minimized,
however, with increased use of residues and waste-based feedstock in
the production process [30].

8. Conclusions

This study conducted a comprehensive review of recent literature on
technical feasibility, costs, and environmental footprints of biobased
products. It was found that substituting fossil-based products with bio-
based products has both environmental advantages and disadvantages.
It reduces fossil resources use and GHG emissions, while it is detrimental
in some other impact categories, such as acidification, and ecotoxicity.
For energy crops, unlike residues, both environmental impacts and costs
are mostly dominated by crop cultivation and logistics costs of
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feedstocks while environmental benefits of bioproducts over fossil-based
products are attributed to CO3 assimilation during the feedstock growth
and carbon storage in the soil. The price of biobased products is pri-
marily driven by costs of feedstock, logistics operations, capital in-
vestments, and scale of production. As a future direction for research in
this area, implementation of integrated sustainability factors, including
environmental impacts, costs, and social impacts, would provide more
realistic solutions for development of biobased products. In addition,
optimization of the production systems from environmental, social, and
economic perspectives would guide sustainability-driven innovation in
transition from fossil-based products to biobased counterparts. The
outcomes of this study identified key drivers of techno-economic feasi-
bility and environmental impacts of biobased products at the commer-
cial scale. The outcomes will be useful for all stakeholders, including
policymakers, investors, manufacturers, and farmers.
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