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INTRODUCTION

Topicality of the Doctoral Thesis

Global transition towards sustainable development has been one of the primary goals in
recent years, including developing national and regional bioeconomy strategies. Several national
and regional policies show increasing interest in bioeconomy as a solution for sustainable
development. Even greenhouse gas emission reduction is one of the critical parts of sustainable
development, representing a vital objective of the European Union's sustainable development.
The existing regulatory framework clearly shows the development and intensification of carbon
footprint trends. The European Parliament committed to reducing greenhouse gas emissions by
at least 55 % by 2030 and achieving carbon neutrality by 2050.

Moreover, the 2008 global economic crisis prompted national governments to take more
proactive measures to implement a cut-off scenario in costs for research and development, which
hinders innovations and, therefore, has an impact on the bioeconomy. The use of agricultural
wastes is a worldwide phenomenon that influences the decisions and actions of policy makers,
stakeholders, scientists, and society. The initially set objectives of a sustainable bioeconomy in
Europe were mainly directed toward bioenergy production. Over time, the already existing
regulatory framework and modifications framework show the development and intensification
of the bioeconomy. In 2018, the European Commission [1] updated the bioeconomy strategy,
stating that the bioeconomy encompasses all systems and industries that depend on biological
resources and the principles and functions they provide. It encompasses and connects all
economic and industrial sectors that use natural resources and processes to create food, feed,
bio-based products, energy, and services, as well as all primary production sectors that use
natural resources, such as forestry, fisheries, aquaculture, and agriculture.

The starting point advancing the bioeconomy is the value pyramid that illustrates
valorization of biomass. Regarding product value, pharmaceuticals add a lot to the product but
in small volumes. In contrast, energy adds little to the product value but in large quantities.
Agriculture, horticulture, and stock farming produce the entire value pyramid's worth of
products and feedstock. Numerous biobased innovations can be recognized in each tier of the
pyramid. However, there is still no standard and consistent framework that aligns with
sustainability, bioeconomy, and agricultural waste valorization. Also, it prioritizes products
based on critical discourse about sustainable waste utilization and the necessity to deal with
plastic waste, which has the potential to boost sustainable bioeconomy development and
contribute to the climate neutrality goal.

Therefore, the Thesis contributes to evaluating a diverse array of bioeconomy product levels
by sustainably valorizing agricultural wastes and responding to the growing demand for eco-
friendly alternatives across various industries. It provides a unique strategy to prioritize
biopolymer products to the advanced level. Also, it contributes to reducing the carbon footprint



of biopolymer packaging materials. It develops a market opportunity for decision-making in
commercializing biopolymer packaging materials. The research provides the knowledge and
practical base for topical agricultural waste valorization pathways for energy, biopolymers, food
additives, and pharmaceutical products. It also contributes to developing an integrative
methodology based on sustainability indicators and criteria for each level of products. The
carbon footprint calculator tool would be a game changer for the packaging businesses to sustain
and compete in the market and comply with the sustainable development and climate targets.
This multidimensional framework is promptly in light of global efforts to achieve sustainable
development.

The Aim and Tasks of the Doctoral Thesis

The Doctoral Thesis aims to develop an integrated methodology intended to provide an
innovative strategy to prioritize biopolymer packaging material to the advanced level by
valorizing agricultural waste. The Thesis contributes to exploring distinct levels of bioeconomy
product value under a unified framework with a specific emphasis on promoting biopolymer
production. It provides a unique pathway to prioritize biopolymer products to the advanced level
by introducing system and market innovation pillars.

In order to reach the aim of the Thesis, the following tasks were set:

1. To investigate the general trends in sustainable bioeconomy considering agricultural
waste valorization.

To assess the bioeconomy modeling tools within the sustainability framework.

3. To evaluate the valorization pathways for value-added products, including
sustainable bioenergy production, and identify the most potential techniques to
produce value-added products from agricultural waste.

To identify the trends and create a sustainability framework for biopolymers.

5. To provide strategic innovative transfer with market analysis to determine if
biopolymer products would have the potential to assess the market.

6. To create an innovative methodology to promote sustainable online marketplace
businesses and to develop a carbon footprint tool for packaging materials as a
valuable input for prioritization.

Hypothesis

The development of an integrated methodology that emphasizes substantial innovation
pillars will lead to the prioritization of biopolymer packaging materials and sustainable
valorization of agricultural waste.

Scientific Novelty

The research promotes the sustainable development of the bioeconomy, including the
agriculture sector, resulting in higher-value products, socio-economic benefits, and



environmental benefits. The Thesis is of high scientific novelty in the European and international
context since investigating and analyzing agricultural waste valorization is a topical research
area of bioeconomy and sustainable development. It shows that a persistent, sustainable
bioeconomy can be developed by implementing three innovation pillars. The sustainability
innovation pillar provides a unique approach to agricultural waste valorization in value-added
products. The products differ by quality, value, and volume. Market and system innovation
pillars prioritize the biopolymer packaging materials in the bioeconomy to the advanced level.
In the Thesis, innovative and integrated methods are developed for the sustainable development
of the bioeconomy. It considers the agricultural waste valorization approach, which is significant
in ensuring the long-term sustainability and integrated profitability of any agricultural waste
valorization. Considering the holistic analysis approach, the Thesis data can be used for further
scientific studies on agricultural waste assessment.

Practical Significance

The proposed integrated approach has numerous practical applications, providing tangible
benefits across various domains. It has high practical significance in the European context. The
EU has been actively promoting the transition to a circular economy, focusing on reducing
plastic waste and promoting bio-based alternatives. The practical significance of prioritizing
biopolymer packaging materials is consistent with initiatives such as the EU Plastics Strategy,
which focuses on the transition to carbon neutrality and the circular economy to reduce
greenhouse gas emissions and establish more sustainable and safer plastic consumption and
production patterns by 2030 aligning with the sustainable development goal. The research results
offer a novel approach that can significantly contribute to advancing bioeconomy as part of the
Circular Economy Action Plan and the European Green Deal and promote sustainable resource
utilization by fostering innovations in bio-based industries. Considering the environmental
impact, the findings would be essential for the decision-makers to decide which biopolymer
would be sustainable for production and consumption. Market opportunities for biopolymer
packaging material and a carbon footprint calculator would be assets for companies in making
decisions about packaging materials.

Research Structure

The proposed integrated approach assesses the different levels of bioeconomy by valorizing
agricultural wastes. It provides an innovative prioritization of biopolymer products (packaging
materials) by developing a sustainability framework, strategic scheme for the market, and carbon
footprint tool for the online marketplace. Several methods have been used to analyze each level
of bioproducts and prioritize the biopolymer products at the top level in the bioeconomy,
including multi-criteria analysis, life cycle analysis, bibliometric analysis, and market analysis
(see Fig. 1).
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Fig. 1. Research structure.

The research structure is described by implementing three innovation pillars:

a) The sustainability innovation pillar includes valorizing agricultural waste into distinct
levels of bioeconomy products, considering electricity production, fiber development,
essential oil utilization, and packaging material production from low to high value.
Here, multi-criteria decision-making analysis (MCDA), life cycle analysis (LCA), and
bibliometric analysis methodologies are applied (See approbation Publications 1-6).

b) Market innovation pillar determines the market potential for biopolymer products
(packaging materials) to provide innovative transfer by implementing the GE-
McKinsey analysis (See approbation Publication 7).

¢) System innovation pillar is developed to promote the sustainable use of packaging
materials by developing a carbon footprint tool implementing the life cycle analysis
methodology (See approbation Publication 8).

This structured framework integrates sustainability considerations, market analysis and
system-level prioritization tools to create a comprehensive and innovative methodology for
advancing biopolymer packaging materials in bioeconomy.

Approbation of the Doctoral Thesis

The results of the Doctoral Thesis have been presented at four conferences, in seven
scientific publications, and in one submitted manuscript.
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1. METHODOLOGY

This chapter describes the integrated approach that assesses the different levels of the
bioeconomy value pyramid for valorizing agricultural waste and provides an innovative
prioritization of biopolymer packaging materials using the corresponding methodologies. The
integrated methodology includes the value pyramid as a core concept and three innovation
pillars. Several methods have been used, including multi-criteria decision-making (MCDA), life
cycle (LCA), bibliometric, GE-McKinsey analysis, and carbon footprint tool.

1.1. Sustainability innovation

The sustainability innovation pillar consists of five steps. Fig. 1.1 briefly describes the
sustainability innovation scheme for valorizing agricultural waste. A vast scientific literature
analysis has been performed using Scopus, Web of Science, ScienceDirect, and other reliable
scientific sources to assess the sustainability innovation for each step. Here, four different
agricultural wastes are selected, i.e., hogweed, fruit peel waste, hemp biomass, and brewers’
spent grain. The wastes are selected based on their topicality and wide availability in Europe.
Agricultural waste could be unused for society or industry. There must be a potential to use the
waste for further assessment and to produce value-added products. The principal methodologies
used to assess the sustainability innovation pillar are MCDA, LCA, and bibliometric analysis.

Step 1: First, the trends for the biopolymer products produced from agricultural waste could
be identified to know what is lacking for biopolymers to sustainably increase their value in the
bioeconomy.

Step 2: To develop a better bioeconomy strategy concerning its sustainability within the
agriculture sector, it is crucial to analyze the different bioeconomy modeling tools under one
sustainability frame and specific criteria. The most suitable bioeconomy modeling tool is used
in the following assessment to analyze the distinct levels of the bioeconomy value pyramid.

Step 3: Next, evaluate the lowest value-added product. Bioenergy produced from hemp
biomass must be analyzed using the MCDA and LCA methodologies.

Step 4: Next, evaluate the pretreatment methods for the fiber development produced from
hogweed biomass as a food additive and the extraction methods for essential oil from fruit peel
waste as a pharmaceutical product using the MCDA method.

Step S: Develop a sustainability framework for the high-value product biopolymer.
Considering the packaging segment, a sustainability framework is developed for the four
alternative biopolymer packaging materials. After assessing these value levels, a biopolymer
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product is transferred to the next stage to validate the product potential for market and system
innovations. This enhances the value of biopolymers and sustainability in the bioeconomy.

1. Identitying the trends for biopolymer products

2. Investigation of the suitable bioeconomy modeling tools

3. Evaluation of the scenario for the bioenergy production
from hemp biomass

WK

4. Evaluation of the suitable techniques for fiber and essential
oil products from hogweed and fruit peel waste respectively

5. Evaluation of biopolymer alternatives under a sustainability
framework produced from agriculture waste

Fig. 1.1. Sustainability innovation scheme (Author's illustration).

Identifying the trends for biopolymers

Bibliometric analysis is performed using the Scopus database to identify the mid-value-
added product trends. This method reviews agricultural waste and biopolymer production,
considering the sustainable development goals. The overall structure of the bibliometric analysis
method is briefly described in Fig. 1.2.

Agricultural

. waste Bibliometric .
Introduction towards : Results Conclusions
: analysis
sustainable
development
Importance of * A problem «Processing *Worldwide
bioeconomy in connected to the Scopus database bibliomeric
the agriculture sustainability of . analysis
sector agricultural ) Procesgmg
) waste database in VOS *Keyword co-
* Biopolymer as a viewer software occurence
part of *Revealing the analysis
bioeconomy challenges
toward
sustainable
agriculture

Fig. 1.2. Bibliometric analysis structure (Author's illustration).

Scopus is the largest abstract database and provides exhaustive coverage of scientific
journals. Moreover, Scopus provides high-quality assurance of a database highly recommended
for research assessment, scientific evaluation, and research studies [2]. Bibliometric analysis by
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using the keyword co-occurrence is performed by using the following key messages and a
combination of key messages: —

e ‘Bioplastic’;

e ‘Bioplastic’ AND ‘Sustainability’;

e ‘Agriculture’ AND ‘Waste’ AND ‘Biopolymer’.

A keyword co-occurrence analysis shows the co-occurrence network of keywords and
displays it on a two-dimensional map. The VOS viewer provides a clustering function, which
shows the keywords in clusters based on their co-occurrence [3]. All references are downloaded
and transferred to the VOS viewer software to identify the occurrences between keywords and
abstracts. VOS viewer provides bibliometric maps in a more straightforward form and visualizes
the co-occurrence network of terms [4]. The period for the bibliometric analysis is considered
with no time limitation. However, the studies included in the analysis are published no later than
December 2021.

Investigation of the bioeconomy modeling tools

The MCDA was performed by integrating the criteria and sub-criteria, interpreting the
results, and drawing conclusions. Here, semi-quantitative analysis has been used for each
modeling tool because of the versatility and diversity of the bioeconomy modeling tools. Semi-
quantitative analysis is one of the ideal analyses [5], which defines the values that can be used
for modulation and calculation. The evaluations can be identified according to the experts [6],
for example, the Likert’s Scale, which shows the preferences for results derived from qualitative
and quantitative sub-criteria. In addition, a decision-maker can use the Likert Scale to evaluate
and compare the different project’s results. This scale ranges from 1 to 3, where 1 represents
deficient performance, 2 represents average performance, and 3 represents good performance.
This scale represents the ‘swing weighting’, which means that criteria 1, 2, and 3 can be defined
as unimportant, moderately important, and very important, respectively. Similarly, this study
uses the Likert scale to evaluate bioeconomy modeling tools from 1 to 4, where scales 1, 2, 3,
and 4 represent the very high, high, moderate, and low values, respectively.

The documentation aspects have been determined based on the material provided for
modeling tools, such as tutorials, demo models, and library documents. If 100 % data is provided
for the model, the considered score is one; if no data is provided, the score is considered four.
The flexibility has been determined by analyzing the data adaptability by the modeling tool, i.e.,
if the data has very high adaptability, then the score is very high (1), and if there is low data
adaptability, then the score is low (4).

The compatibility of the bioeconomy modeling tool has been determined based on the
possibility of exchanging the input database, where if the model has a very high possibility of
exchanging the input data, then the score is one. However, if the model has a low possibility of
exchanging the input data, the score is four. The diversity of the modeling tools has been
considered by analyzing the model’s applicability, i.e., if the model can be applied for more than
80 % of sectors, then the score is one, but if the model has less than 30 % applicability, then the
considered score is four.
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The data quality determines the validity, with 90 %, 70 %, and 50 % adequate data ranked
1, 2, and 3, respectively. If the data has no adequacy, then the considered rank is four. The
efficiency represents the quality of the data used by the modeling tool; if the model uses very
high qualitative verified data, then the given rank is one; if the model uses non-qualified data
(low quality), then the given rank is four. The last quality factor is user-friendliness, which is
determined by analyzing the ease of understanding of the model. If the interface data and overall
model are non-complex to learn, then the rank is one. However, if the interface data and overall
model are very complex to learn, then the rank is four.

Moreover, the economic, social, and environmental sub-criteria are evaluated for each
criterion, showing the sustainability adequacy of each modeling tool. Simultaneously
sustainability can be examined for bioeconomy modeling tools by implementing this approach.
Further evaluation was done using the MCDA analysis. A technique for order of preference by
similarity to ideal solution (TOPSIS) is one of the standard methods for MCDA. The TOPSIS
method justifies results by considering positive and negative ideal solutions [7]. There are
several benefits to performing TOPSIS, such as this method providing attribute information,
providing the ranking of different alternatives, and giving accurate results.

Evaluation of scenarios for bioenergy from hemp biomass

The application of MCDA allowed the sustainability of eight different hemp products
(thermal insulation in the building sector; textile in different sectors; composite materials in
different sectors; construction materials in different sectors; paper in the industrial sector;
technical materials in different sectors; food in the agriculture sector; energy in the energy
sector) to be assessed under crisis and non-crisis conditions, considering six different criteria
(resource availability; technological aspects; economic aspects; environmental aspects;
climate change aspects; and circular economy aspects). The identified hemp products and
the criteria provide the opportunity to use MCDA to evaluate the most sustainable option for
using hemp as a raw material. In addition, an LCA to evaluate hemp as a biomass for energy
production is compared to three other biomass energy options.

The MCDA was carried out for two different situations in a country: a normal scenario
under non-crisis conditions and under energy or economic crisis conditions. TOPSIS is a
method used for normalization of MCDA. For this study, ‘a normal scenario under non-crisis
conditions’ is defined by the authors as a situation in a country where natural self-regulatory
mechanisms exist within a market economy and inflation is within the normal range of 1.5 %
to 4 %. ‘Under energy or economic crisis conditions’, on the other hand, refers to a situation
in a country where inflation is above the normal range and prices for a particular group of
goods, such as necessities or a particular (or all) energy resource, are rising rapidly.

The results were aggregated to assess the use of hemp as a bioresource and biomass for
energy production and determine which of these alternatives would be the most sustainable.
It was also intended to identify other aspects that would limit or facilitate the broader use of
hemp. The LCA is a methodology for evaluating a product’s environmental impact by
quantifying all associated inputs and outputs, such as materials, energy, waste, and
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emissions. The life cycle of a product considers all production processes, from raw material
extractions to waste disposal, with a ‘cradle to gate’, ‘cradle to grave’, and ‘gate to gate’
perspective. The LCA is performed in line with the ISO 14040/14044. It contains three main
steps: goal and scope definition, life cycle inventory and impact assessment, as well as their
interpretation. The scope of the study can be defined by outlining the qualitative and
quantitative information included in the study, which starts by defining the functional unit
(FU), a 100-kWh electricity production. The system boundary of this study is defined from
the ‘cradle to gate’ (see Fig. 1.3), which includes two sub-systems: 1) the biomass processing
system, which includes cultivation, fertilization, harvesting, sowing, cutting, and
transportation, and 2) the electricity generation system, which includes boiling of biomass,
turbine generator, heat exchange, and power generation. In addition to the scope of the study,
a comparison of alternative biomasses (peat, wood, and sweet sorghum) for power
generation was conducted.
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Fig. 1.3. System boundary for biomass for electricity production (Author's illustration).

The life cycle inventory includes material and energy flows, equipment, and
infrastructure required for energy generation. As stated in the ISO Standards 14044, data
must at least ensure their validity regarding geographic origin, representativeness,
technological efficiency, and data sources. The primary data regarding the processing of
hemp biomass for electricity production has been presented in Table 1.1 [8][9] for the period
2007-2020. The inventory data of fertilizers, transport, source of energy, and agriculture
machinery involved were taken from the Ecoinvent 3.7.1 database. To generate 100 kWh of
electricity, first, the required amount of hemp biomass (22 kg) is calculated (see Equation
(1.1)) by normalizing the low heating value of hemp biomass and electric efficiency of the
boiler, which is 15.72 kg/MJ [10] and 75 % [11], respectively. The value of the
dimensionless factor is 0.75, which is calculated from the boiler’s efficiency.

Kg _
= Pr (1.1)

where
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Kg/M] — low heating value of hemp biomass;

Dy — dimensionless factor.

The balance of mass for sub-systems 1 and 2 was performed following the reported

values for hemp biomass [12][13]. It is assumed that the transport distance from the farm to

the incinerator for energy production is 50 km. In addition, the inventory for the alternative

raw biomasses of hemp, peat, wood, and sweet sorghum is selected directly from the
Ecoinvent 3.7.1 database [14]. The comparison is made to generate 100 kWh of electricity

from 22 kg of biomass, just as for the hemp biomass.

Table 1.1
Inventory Data for Hemp Biomass
Materials Amount Unit
Sub-system 1: Raw hemp biomass processing
Inputs from technosphere
Ammonium nitrate 0.62 kg N
Triple superphosphate 0.48 kg P,0s
Potassium chloride 0.92 kg K,O
Diesel 0.55 kg
Agricultural machinery 0.12 kg/ha
Energy 2.64 kWh
Outputs to technosphere
Hemp biomass 22 kg
Ammonia 0.019 kg/ha
Dinitrogen monoxide 0.022 kg/ha
Nitrogen oxide 0.002 kg/ha
Carbon dioxide 0.011 kg/ha
Transportation of hemp biomass 1.1x103 kg-km
Sub-system 2: Electricity production
Inputs from technosphere
Hemp biomass 22 kg
Energy 2.64 kWh
Outputs to technosphere
Heat/electricity 100 kWh
Carbon dioxide 0.00020 kg
Nitrogen dioxide 0.34241 kg
Sulfur dioxide 0.83463 kg
Carbon monoxide 24.52529 kg

The LCA is performed using the IMPACT 2002+ V2.15 impact assessment methodology in
Sima Pro 9.4.0.2. The IMPACT 2002+ combines four methods: IMPACT 2002, Eco-indicator,
CML, and IPCC. The method proposes a feasible implementation of the combined midpoint and

damage-oriented approach [15].
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Evaluation of extraction techniques for fiber development and essential oil
utilization from hogweed and fruit peel waste

The MCDA method evaluates and finds the best technology for two scenarios. The selected
two scenarios are as follows:
1. Evaluation of extraction methods for hogweed biomass to extract fiber as a food
additive product (TOPSIS).
2. Evaluation of extraction technologies for fruit peel waste to extract essential oil as a
pharmaceutical product (TOPSIS and AHP).

Evaluation of biopolymer alternatives under a sustainability framework
from agricultural waste

A multidisciplinary approach is selected to develop sustainability framework for biopolymer
alternatives. The methodology starts with scientific literature analysis from Scopus,
ScienceDirect, Web of Science, EU bioplastics, and other scientific documents. Then, the
framework is having the following steps:

Step 1: Developing the study design, including a selection of the biopolymer alternative, the
evaluation criteria, and particular evaluation indicators considering the sustainability indicators.

Step 2: A quantitative data collection was done for selected indicators for each biopolymer
type.

Step 3: A worldwide survey analysis conducted to aid a collective policymaking decision
from the stakeholder's perspectives,

Step 4: Analytic hierarchy process (AHP) analysis of each survey response to determine the
criteria weights.

Step 5: Four different MCDA have been performed to check the method's robustness.

The survey analysis was used to identify the criterion weights for MCDA analysis. The
survey was circulated worldwide to stakeholders connected to the biopolymer sector, including
value chain actors, consumers, small and medium-sized enterprises, scientists, and organizations
(approximately 60 stakeholders). The survey was made to understand and numerically describe
the importance of environmental, social, economic, circularity, and technical criteria. The group
of questions was divided into five sections. The first section contained general information about
the respondent's country and stakeholder group. The second section was devoted to the
importance of the circularity criterion over the rest of the four criteria. Other sections were
analogously devoted to the importance of environmental, social, and economic criteria over the
rest of the four criteria.

The MCDA method is the best choice to assess the sustainability of a product or a system
[16]. This study applies four MCDA methods to check the method's robustness and derive
comprehensive results. It must be noted that the weights of criteria for each method are
considered from the AHP analysis. In sustainability innovation pillar, the AHP method is used
for two cases: a) to identify the sustainability criterion weights for essential oil extraction
techniques and b) to determine the weights of criteria for survey respondents in the biopolymer
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case. The AHP method divides and analyzes problems in a hierarchical structure consisting of a
goal, a criterion, and a sub-criterion. The AHP methodology was developed in 1980 by Saaty,
and experts compared the selected criteria in pairs [5]. Here, semi-quantitative analysis was used
to measure the intensity of importance in AHP. Criteria and alternatives were prioritized mainly
using the scoring system. Table 1.2 shows the Saaty’s scale.

Table 1.2
Saaty’s Scale for AHP Analysis
Scale Definition
1 Equally important
2 Equally to moderately important
3 Moderately important
4 Moderately to strongly important
5 Strongly important
6 Strongly to very strongly important
7 Very strongly important
8 Very to extremely strongly important
9 Extremely important

The comparison matrix comprises criteria, where each criterion is compared with all
other criteria. The next step is to solve the problem of eigenvectors by which the criteria will
be arranged. The sum of each column of the pairwise comparison matrix is then calculated
and used to divide the corresponding column values, thus normalizing the comparison
matrix. The values of each row are then summed and divided by the number of criteria to
calculate the eigenvector for each row of the matrix. Eigenvectors indicate the ranking
(weight) of the criteria. AHP methodology can be implemented in three main steps. Each
step must be performed to resolve in a decision-making matrix with AHP, which is described
below.

Step 1: Define the objective, selected criteria, and alternatives.

Step 2: Here, elements can be compared to one another, two at a time, concerning their
importance to the element above them in the hierarchy, and then the comparison matrix is
structured.

Step 3: A pairwise comparison matrix (A) calculates each criterion's significance by taking
a geometric mean of pairwise comparison matrices obtained from the survey. Then, the
dimension matrix (n x n) formed by using the compared criteria in rows and columns of the
matrix is square (see Equation (1.2)).

Oy Oy Oy
azl (X,22 e (X,z

A= ", (1.2)
O“nl OLnZ OLnn

where
A — comparison matrix;
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n — matrix's dimensions.

Step 4: Next, matrix A is normalized to prevent too large or too small values in the
comparison matrix. Each value in the comparison matrix is divided by the sum of the column
elements. The normalized pairwise comparison matrix is obtained by using Equation (1.3).

a..
b;; = 4 (1.3)

n
i=1 Aij

Step 5: Next, the maximum eigenvalue (A,,) is calculated by Equation (1.4).

_ I (Aw);
Ina= ) (14)

n w;

Step 6: Next, the consistency index (CI) for acceptance of the consistency ratio of the
comparison matrix A is calculated using Equation (1.5).

cf = Mmax =T (1.5)
n-—1

CI refers to the mean of the remaining solutions of the characteristic equation for cognizant
matrix A (see Table 1.3).

Table 1.3
Random Consistency Index
Size of A 2 3 4 5 6 7 8 9 10
matrix (n)
Random

average CI 0 0 0.52 0.89 1.11 1.24 1.35 1.40 1.45 10.49
®

The comparison matrix's consistency ratio (CR) to eliminate inconsistency is calculated
using Equation (1.6).
cr

CR= 1, (1.6)

where

RI — random index;

CR —measures the judgments of experts.

If CR < 0.1, the inconsistency is acceptable.

The next step in the methodology is to incorporate AHP weights in MCDA methods,
specifically, TOPSIS, MOORA, COPRAS, and VIKOR methods used for the analysis.
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1.2. Market innovation

A successful transition toward the sustainability in the agriculture sector would emerge
through radical innovations promoted primarily by stakeholders, businesses, or government
organizations. Innovation transfer organizations support innovation commercialization by
bridging the gap between investors (business thinking) and academics (scientific thinking)
through programs supported by domestic or international stakeholders. From one perspective,
it is constructive for commercializing invention and uniting two parties with different points of
view. However, it also has some needs and obstacles and demands trust from both parties. To
prioritize the biopolymer comprehensively in bioeconomy, it is imperative to assess market
opportunity for decision-making in commercializing the packaging materials. The market
innovation transfer of added-value products produced from agricultural resources is done in
four steps:

Step 1: The first stage in fostering agricultural waste valorization is the availability of
resources; these resources should be locally sourced and not rely on imports. In this case, the
evaluation is based on the availability of resources.

Step 2: Technology must be accessible at a commercial level. Even if a technology is
cutting edge, it should be widely accessible. If not, then it goes to the first step.

Step 3: The GE-McKinsey matrix, utilized for market evaluations, is the decision-making
matrix in this scenario. Data on the economy, technology, market competitiveness, and
products have all been gathered for calculations. The data are entered into the matrix for
decision-making when the findings have been obtained. A positive calculation result may not
necessarily reflect the actual situation; in most cases, matrix visualization is required. Scientific
articles, current plant data, and yearly reports serve as information sources for the matrix. Based
on the information gathered, data are analyzed and shown in two dimensions (market
attractiveness and product competitive advantage) on the GE-McKinsey matrix. The primary
data are gathered from information sources such as scientific research articles.

Step 4: Visualize the results and suggest further investigation into manufacturing new
products in the country or place where biopolymers are produced and where local resources are
available.

Data collection and evaluation technique

The market analysis is carried out using primary data. The literature analysis is performed
to collect the data for each indicator in the GE-McKinsey analysis. The first two steps address
the indicators for resource availability and technological advancement, considered under the
market competitive advantage. Resources play a central role in the business' environmental
performance to establish efficiency in the process, and technology's eco-friendliness
significantly addresses the business' sustainable practice. For the market attractiveness, seven
key indicators are evaluated: market size, market growth rate, market profit, price sensitivity,
access to raw materials, and production cost. For the market competitive advantage, six critical
indicators are evaluated, including demand, market share, availability of resources, selling price,
environmental ease of technologies, and product quality.
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The Likert scale is a commonly used scale that displays the preferences for outcomes derived
from quantitative and qualitative indicators. A decision-maker can also use the Likert scale to
assess and contrast the outcomes of various projects. A decision-maker can also use the Likert
scale to assess and contrast the outcomes of various projects. For market attractiveness, the
evaluation is done based on a five-point scale, where 1 represents very unattractive, and 5 — very
attractive. Six indicators are selected, including market size, market growth rate, market
profitability, price sensitivity, access to raw materials, and production cost. Each indicator is
evaluated differently based on the external importance scale, which indicates the position on the
scale. Market size is determined based on the potential clients or buyers in a packaging market,
where the external importance scale is set from little (1) to great (5) market size. The market
growth rate is determined based on the growth of the packaging industry by 2030, where the
external importance scale is set from a low (1) to a high (5) growth rate. Market profit is
determined based on the economic factors that the business pulls in after accounting for all
expenses, and the scale is set from low (1) to high (5). Price sensitivity is determined by the
price of a product that affects the consumers' purchasing decisions, which is evaluated on a scale
from high (1) to low (5). Access to raw materials indicates the availability of raw materials
required for primary production, which is determined based on the scale from difficult (1) to
easy (5). Lastly, production cost includes a variety of expenses such as raw materials, labor,
manufacturing supplies, and general overhead, which is determined based on the scale from high
(1) to low (5).

For market competitive advantage, the evaluation is also done based on five-point ratings.
Where 1 represents a very low competitive advantage, and 5 represents a very highly competitive
advantage. Each indicator is evaluated individually. Higher demand for the product is weighted
as 5, and lower demand is weighted as 1. Market share evaluated as 1 represents 1-20 %, 2
represents 21-40 %, 3 represents 41-60 %, 4 represents 61-80 %, and 5 represents 81-100 %.
Regarding the availability of resources, 1 indicates that the resource is difficult to access, and 5
indicates that the resource is easily accessible. The selling price is rated as 1 for lower and 5 for
higher selling price. The environmental ease of technology is evaluated based on its impact on
the environment during the manufacturing process, where 1 represents a little or no positive
environmental impact and 5 represents a very positive environmental impact of technology.
Lastly, the quality is evaluated based on the melting point of the biopolymer, where 5 indicates
a high melting point of biopolymer with a very highly competitive advantage, and 1 indicates a
low melting point with a very low competitive advantage.

GE-McKinsey market analysis

The GE-McKinsey matrix technique includes nine modules or boxes to designate market
aspects for possible new bioproducts. The GE-McKinsey matrix approach has been altered to
consider factors and limitations, including environmental protection requirements for the
manufacturing process and product sustainability. It displays the competitive attractiveness of a
specific product rather than the company's competitive standing. After receiving the findings, it
is possible to get insight into the product's market prospects. This matrix shows a similar
approach to the Boston Consulting Group matrix. For the management of product portfolios and
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the study of competitive scenarios, the GE-McKinsey matrix is frequently employed. Fig. 1.4
[17] shows the GE-McKinsey matrix, where products that fall in the green boxes are high
performers with commercialization potential. Products that fall in the gray boxes must be
analyzed and improved upon, at least until they appear in the green boxes.

B VIII IX
z
S E
£ = i, N
E E IV W VI
s 2
=
=
= . Grow
E I II juil Hold
Harvest
Low Medmum High

Competitive advantage
Fig. 1.4. The GE-McKinsey Matrix example [17].

A green box is a growing area, meaning the product has strong competitiveness and
attractiveness for the market. If a product is in a holding area, it shows that proper strategies are
needed to improve its higher value. If the product is located in the harvest area, it has a low
competitive advantage and market attractiveness [18]. This matrix has the benefit of accounting
for a greater variety of variables than the Boston Group matrix and being more straightforward
to comprehend visually. The nine fields and three times three grids provide the GE-McKinsey
matrix with larger dimensions. The Boston Group matrix, in contrast, contains only four fields
and a two-by-two grid [19].

Market attractiveness

Market attractiveness replaces market growth as the measurement of industry attractiveness.
It refers to the profit possibilities in a product's market or industry. Market attractiveness can be
calculated by Equations (1.7) and (1.8).

(z- k)

_ 1.7
Ma 100 ’ ( )

where
M, — market attractiveness total score;
z — estimated rating score.
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K= 100 18
B (f'Bmax)’ ()

where
k — coefficient;
f—number of factors;
Bax — max rating score.

Market competitive advantage

Market competitive advantage refers to a scenario or event that offers a business a
competitive or superior position in the marketplace. In this study, a competitive advantage is
evaluated for a product. A relative competitive advantage can be calculated by Equation (1.9).

B
R = ( —1)-100 %, (1.9)
Bcomp

where
R — relative indicator of product competitive advantages;
B — new product score estimation;

Beomp — strongest competitor score estimation.

1.3. System innovation

To promote the sustainable use of packaging materials and eventually a product, a real case
scenario has been developed by implementing a carbon footprint calculator in the packaging
industry. A tool for packaging products online marketplace that informs customers about the
carbon footprint of packaging products and allows them to evaluate which of the select
packaging alternatives is most preferable from an environmental perspective. The online
marketplace provides customers with options for selecting different packaging parameters, such
as type of material and product, thickness, and size. After that, the comparison of the cost for
selected alternative options is provided to the customer, taking into consideration different
transport modes and distances from the manufacturer; following the good practice examples
found in the literature, the packaging product online marketplace aims to guide customers
towards more environmentally friendly decisions by introducing the carbon footprint evaluation
tool within their platform.

The study aimed to develop a carbon footprint evaluation tool for packaging materials in the
online marketplace. The system boundary used in carbon footprint evaluation is defined from
the ‘cradle to gate’ with transportation to the customer, including the raw materials extraction
stage, manufacturing of the packaging, and transportation scenarios to the customer. The system
boundaries of the study are shown in Fig. 1.5.
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Fig. 1.5. System boundary for carbon footprint evaluation (Author's illustration).

Data for study processes and products used within the defined system boundaries is
obtained from the online marketplace company about the different packaging thicknesses
and material density. The rest of the data regarding the manufacturing process of specific
materials, resource extraction, GHG emissions, and possible transportation modes are
obtained from the Ecoinvent database. A total CO:z footprint is measured from the total GHG
emissions associated with all activities. The functional unit (FU) in the study is 1 cm? of the
packaging, which serves as the reference unit for accounting for the impacts created during
the packaging lifecycle in the defined system boundaries.

The life cycle inventory quantifies inflows and outflows of the system, which must be
normalized to the FU. Quantitative data for the material variations and parameters are
provided by the online packaging marketplace. The inflow of the system includes different
materials, their density, and their thickness. For the transportation scenario, different modes
of transport are used to distribute packaging materials. Geographically, the global market
was selected for all modes of transportation except for trucks. For truck transportation, the
market was selected in the geography of Europe. The outflow of the system includes the
GHG emissions, where CO: emission is considered for the environmental impact
assessment. As stated in the ISO standards 14044, the data must ensure at least its validity
regarding the geographical origin, representativeness, technological efficiency, and data
sources. The carbon footprint is calculated based on the GWP100 using the IPCC 2021
methodology in the SimaPro software 9.4. IPCC 2021 is the successor of the IPCC 2013
method, developed by the IPCC [20]. It contains GWP climate change factors of IPCC with
100 years of timeframe.
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2. RESULTS AND DISCUSSION

2.1. Results of sustainability innovation

Results of bibliometric analysis for biopolymers

The keyword co-occurrence analysis has been done by analyzing the different keywords and

combinations. This analysis is done of 2723 scientific documents from the Scopus database. The
co-occurrences at the

minimum number of co-occurrences of keywords was set at 5. The global

abstract and keywords level are shown as keywords of each cluster represent its main research

area in the domain of biopolymers.

= garic raction of municpal
life W2 ualysis
FENNOUSR B  organiguasth
life cycle @gsessment »
fandfil anaerobigdigestion
lifa eycle carbonifootprint "
waste managemem
bioplastics pmdumon "
waste tgatment _DIofuels
sus(alnab!llty allpation. anaerobiosis volatie ftty acid
sustamable developmem sugar industy @
o, Sitiation W nusere

anicta 1
waste technology
resourcapecovery

plast - @cycling,

aglewater treatment Upolghydronyalkanoates (o)

ster  sewage _wicniometry
acivated sludge

mm'ﬂng A ® ecor = .
:;;““ Biogiesel

s

= reqyelin

SR gsed &6 microsiglfermentation
ple-waste . ©

e

st ®
- @ © icropastits biote
o S renewablgreshyrce biorerfiégiation 3

enthergpiasics/ ST B ¥ o° oossres g 'W T e
i O oz cutiaalviste mnmvm,,mm&mm

. ,awgm

processingcondition ©

naguralfibers & bigdegragab '

“ - ~
comatarch fol
compBsites rel 0
injectionlding ¢} prwshgpm =
_pectroscopyg YN

mOINg, bigpas® @ . aci
fig)so . ‘(hemlt o hydralysis

> composlm‘y\a(ena\s P ¢
elongation b cel 4 ap!
cordton " @ s 'W’S " sm® tnd

hermo-rmechanical \e'nsl\g&gsﬂﬂg- “ © g g'YE?JO‘ acetor

mictobia grohn
mechamcw@m}esﬁ“’"ﬁ@‘aw = Gpecin” 'po*rs -
o palfoil © ) yaste products

,w‘- ‘® poly
X g @xtraction

.ae’ wu‘!m agidy,

e

oigture . s
dthermal properiies’ luten, . bidengipeering
“tensile ength sueng o A RS s e e i
reinorcing flers @ () e | water S ' PR N aiary o . asagw
elongationatbreak, © e @ Y male ROV @ bocase i
sstingmethad Jfood ar.kagmg sop@nol e g : enzyvlagy e
o (;sm'.;:::mm‘)d%h' g 4 it ghemistry *\ molec@ g © ¢ e
- ¢ & /tnermogravimet
"“napocafpdiites ‘*“‘2?"" rigiy it P chewcoxr-s WY‘Q”Y' aminage awstuton
plastefims e “atomic gh nicroscopy  enzymati degradation "4 S
Zncded Jr—— s ragrenoggaryy @
wm e © saprbacepal aciy Agysiallation ¢ IMANCAPEIOCORY 00 oo Mqor servg nga @oimadigised
gy essential oils_ Mo biocompatighe yisterisls . bacterium identification e
Soigpljey ¢ entimleroblal actiity calo metry,differential scan
plantextracts  spectroscory, fourier transfor
nan fiber
&, vosviewer heat gt bacterlal gents
| hot temy.arature

© QN - ocacervoine,

el Te . Y L cyandBcteria
y ,‘V s g gr*nrfdu!o‘en‘angagﬂg mzﬂnmm.pamways

baci p.mu & ¢ B aidre
: e
ed) - .m W“e
ocedur & J
s Ost@mge?ﬁ“

cacid

mafine acterium

© oy o id

| AP

\Mhmyra{e .

Fig. 2.1. Visualization of co-occurrences for the keyword 'bioplastic'.

The critical research area could be a) biopolymer properties (green

biopolymer production (blue cluster), c) classification of biopolymers (red cluster), d)
biopolymer characteristics (pink cluster), and e) plastic degradation (yellow cluster) (see Fig.
2.1). The bibliometric analysis for the keywords 'bioplastic' and 'sustainability' is shown in Fig.
2.2. The key research area from the co-occurrences for keywords 'bioplastic' and 'sustainability’'
can be framed as a) sustainable development of bioplastic (green cluster), b) bioeconomy
¢) biodegradable plastics (yellow cluster), and d) assessment

concept (red cluster),
methodologies (blue cluster).
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Fig. 2.2. Visualization of co-occurrences for keywords 'bioplastic' and 'sustainability’.

The bibliometric analysis for the keywords 'agriculture' and 'waste' and 'biopolymer' is
shown in Fig. 2.3. The red cluster shows the main co-occurrence with agricultural waste,
valorization, and biopolymers. It also relates to biodegradable polymers, sustainable
development, and biomolecules. The blue cluster includes the terms related to biomass
activities (biofuel and biogas), such as the food industry, waste management, sustainability,
hydrolysis, and polysaccharides.

The green cluster relates to agricultural activities with agricultural waste, wastewater,
and wastewater management with nanotechnology and biocompatibility. The yellow cluster
relates to the biological process, including metabolism, fermentation, extraction,
biosynthesis, isolation, and purification. Lastly, the purple cluster shows the link between
bioplastic (polyhydroxy alkenoates), waste streams (industrial waste and waste disposal),
and tissue engineering biomaterials. This cluster relates to the biomedical application of
biopolymers. The key research area based on co-occurrences for keywords 'agriculture' and
'waste' and 'biopolymer' could be framed as a) agricultural waste management (green
cluster), b) biopolymers (red cluster), c) bioproducts (blue cluster), d) industrial waste
(purple cluster), and ¢) biological processes (yellow cluster).
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Fig. 2.3. Visualization of co-occurrences for keywords 'agriculture' and 'waste' and
'biopolymer'.

Ranking of bioeconomy modeling tools

The bioeconomy modeling tools have diverse applications for sustainable bioeconomy,
such as The Mixed Integer Linear Programming (MILP), Modular Applied GeNeral
Equilibrium Tool (MAGNET), The Market Allocation-Energy Flow Optimization Model
System (TIMES), Global Biosphere Management Model (GLOBIOM), and Life Cycle
Analysis (LCA). The evaluation results are presented for the criteria and three main
sustainability sub-criteria. Firstly, the criteria and sub-criteria were evaluated using the semi-
quantitative analysis for bioeconomy modeling tools. The semi-quantitative analysis results
for selected criteria and sub-criteria for each model have been presented in Table 2.1.
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Table 2.1

Semi-quantitative Analysis Results for a Bioeconomy Modeling Tool

Criteria Sub-criteria

MILP
TIMES
LCA

Documentation Economic
aspects Social
Environmental
Flexibility Economic
Social
Environmental
Compatibility Economic
Social
Environmental
Diversity Economic
Social
Environmental
Validity Economic
Social
Environmental
Efficiency Economic
Social
Environmental
User-friendliness Economic
Social

W W W RN RNRRNNWWWARRRBNDNDDRDWW W MAGNET
WA W DRENWDRWR WD AND®DED WS W GLOBIOM

NN W W W NN DN DN NDDNDND = = =N NN
_m = NN N NN = =N = NN NN N ===
_— e e = = = NN NN NN W = = = = =

Environmental

The closeness coefficient values for each model present the model's efficacy, and based on
that, the models have been ranked. The unitary variation ratio is ideally considered ‘1°, therefore
the ranking is based on the distance derived from the unitary variation ratio. For example, the
nearest result from the unitary variation ratio is derived for the LCA model, so it is ranked 1.
The TIMES, MILP, MAGNET, and GLOBIOM models are ranked 2, 3, 4, and 5, respectively.
The graph is plotted based on the closeness coefficient (see Fig. 2.4). The graph shows that the
MCDA results are more suitable for the LCA model because it derives the nearest value (0.64)
to the unitary variation ratio. The lower values are derived for the GLOBIOM (0.47) and
MAGNET (0.53) models compared to other models, which show less efficacy in estimating the
bioresources. The derived result for the MILP model is 0.58. Lastly, the TIMES model has high
documentation, flexibility, compatibility, and efficiency; therefore, the result is 0.60. Concisely,
the MCDA analysis sheds light on the most suitable bioeconomy modeling tool (LCA) to
estimate the added value of bioresources within the scope of the agricultural sector.
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GLOBIOM 0.47
TIMES 0.60
MAGNET 0.53
MILP 0.58
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Unitary Variation Ratio

Fig. 2.4. TOPSIS results for modeling tools.

Results of evaluating scenario for bioenergy production from hemp biomass

Aggregating the experts' assessments of the compliance of different groups of hemp products
with the six sustainability criteria for a normal scenario under non-crisis conditions, a
normalized decision matrix is obtained. In addition, the weights of the criteria from the expert
evaluation were added, which aimed to rank the importance of the criteria themselves under the
non-crisis scenario. The experts ranked the economic and environmental aspects as the most
important criteria with a weight of 0.20, with the other criteria equally weighted at 0.15 (see
Table 2.2).

Table 2.2

Normalized Decision Matrix for a Normal Scenario Under Non-crisis Conditions

w2
= ® £
Q =] —_ = =
=5 o £ 2 £ 32 - S 3 E B )
i EE T &% g€ & £% % 5
Criteria == = 2 3 = 3 2 = 2 1 ) =
Q= o Eu - = < = 2 = «
= < 2 = Qe S .
2 = S 2 A S 5 =) =
= = £ § E & B ) 5
o Q 3 < 2
St
]

Resource availability 0.325 0217 0325 0542 0325 0325 0434 0217 0.15
Technological aspects 0435 0348 0261 0435 0261 0348 0348 0.348 0.15
Economical aspects 0470 0376 0376 0376 0.188  0.188  0.376 0.376 0.20
Environmental aspects 0408 0.408 0408 0.327 0327 0408 0.245 0.245 0.20
Climate Change aspects ~ 0.399 0399 0.319 0319 0319 0399 0239 0399 0.15
Circular economy aspects  0.328 0.410 0410 0410 0410 0410 0.164 0.164 0.15
Total 1.00

TOPSIS calculations comparing the eight hemp products under non-crisis conditions were
used to determine the product group closest to the ideal positive solution (1.00), the results are
shown in Fig. 2.5. The closeness proximity of the selected hemp product groups to the ideal
positive solution indicates their more robust compliance with the six sustainability criteria. In
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contrast, the proximity to the ideal negative solution indicates the opposite. The closest to the
ideal positive solution is the production of building materials and thermal insulation, with values
of 0.74 and 0.70, respectively. On the other hand, the worst results are for energy and paper
production, with 0.39 and 0.38, respectively. All eight products compared are far from the
positive ideal solution. The best and second-best performances differ by only 0.04 units.
However, the sustainability performance of building materials is almost 50 % better than paper
production from hemp. This is a substantial difference, suggesting that the MCDA analysis,
driven by the research criteria, concludes that hemp-based building materials are more
sustainable than hemp-based paper and energy.
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Fig. 2.5. TOPSIS results for hemp products under non-crisis conditions.

When a global and national economic and energy crisis develops, circumstances change. In
such a scenario, all potential energy sources must be evaluated differently, as the price of fossil
fuels could become much higher. A normalized decision matrix was created by combining
experts’ scenario assessments for energy or economic crisis conditions (see Table 2.3).

The weighting of the criteria from the expert evaluation was added. The change in the
situation is also clearly visible in the experts' evaluation. In a crisis, the experts weigh the
criterion economic aspects more heavily with 0.40 points. In contrast, resource availability,
technological aspects, and climate change have a weighting of 0.15. The lowest weighting in a
crisis is given to environmental aspects — 0.10, and aspects of the circular economy with the
lowest weighting of 0.05.
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Table 2.3

Normalized Decision Matrix for Energy or Economic Crisis Situation

5 . %2 fs . I3 .
£ = SE 2§ = g&g *= = g
&)
Resource availability 0.291 0.194 0291 0486 0.291 0.291 0389 0.486 0.15

Technological aspects 0435 0.348 0.261 0435 0261 0348 0.348 0.348 0.15
Economical aspects 0453 0362 0362 0362 0.181 0.181 0362 0453 0.40
Environmental aspects 0.408 0.408 0.408 0.327 0327 0.408 0.245 0.245 0.10
Climate Change aspects ~ 0.399  0.399 0319 0319 0.319 0.399 0239 0.399 0.15
Circular economy aspects  0.307 0.383 0.383 0.383 0.383 0.383 0.153 0.383 0.05

Total 1.00

The TOPSIS calculations comparing the eight hemp products under conditions of energy or
economic crisis, using the method of finding the solution closest to the positive ideal solution
(1.00), gave the results shown in Fig. 2.6. The generation of energy and thermal insulation comes
closest to the positive ideal solution 1.00, with values of 0.85 and 0.80, respectively. On the
other hand, technical materials and paper products have the lowest values, 0.25 and 0.17,
respectively. Energy generation has moved closer to the ideal. Thermal insulation has also
moved closer to the ideal positive solution, as the consequential application of these products in
buildings can reduce the energy consumption in dwellings. The best and second-best
performances differ by only 0.05 units. The other six products compared are further away from
the ideal positive solution. However, the sustainability performance of energy production is
80 % higher than that of paper production from hemp. This is a significant difference, indicating
the need for additional analysis and adjustment of priorities for the use of hemp in the context
of an economic crisis.
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Fig. 2.6. TOPSIS results for hemp products under energy or economic crisis conditions.
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Interpretation of LCA results

The results show the contribution of sub-systems to the total potential impacts in each
category. The raw hemp biomass processing sub-system shows low environmental impacts in
each category. At the same time, the electricity generation sub-system is responsible for most of
the environmental toll in all the impact categories. In the global warming category, electricity
generation is responsible for 5.31 x 10'kgCO: eq per FU. The highest environmental impact
share is for the aquatic ecotoxicity 1.4 x 10* kg TEG water per FU.

The environmental impact shares for the electricity generation from raw hemp biomass in
the four main damage categories (climate change, ecosystem quality, human health, and resource
use) can be seen in Fig. 2.7. The aggregation of midpoint impact categories into damage
categories is achieved using a specific set of characterization factors given by the chosen LCA
method. As can be seen, electricity generation dramatically impacts human health and ecosystem
quality. The IMPACT 2002+ method enables weighting factors to develop a single score unit
for all categories (eco-points Pt). It allows comparisons between the different damage categories.
The comparison between categories allows to determine which category is most affected overall
and to summarize all categories, as in Fig. 2.8. Overall, the single score for electricity generation
from raw hemp biomass is 30 Pt, with the electricity generation sub-system as the most critical
hotspot with 26.8 Pt, followed by the raw hemp biomass processing sub-system at 3.28 Pt. The
comparison between various biomass sources is presented in Table 2.4. In the global warming
impact category, the electricity generation from peat has the highest impact with 1.2 x 102°kg CO2

eq per FU.

100%
80%
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40%

20% 38.60 %

0% 6.93 % 6.94 % B
Human health Ecosystem quality ~ Climate change Resources
Hemp biomass processing u Electricity production

Fig. 2.7. Damage assessment results for hemp biomass for electricity production.
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Fig. 2.8. Weighted totalized results for the hemp biomass for electricity production.

In contrast, the least influence has sweet sorghum biomass with 2.3 kg CO:2 eq per FU. The
electricity generation from peat shares the highest toll for non-renewable energy impact
category, 1.3 x 10*> MJ primary per FU. Regarding sweet sorghum and wood biomass, the
highest toll share is in the category of aquatic ecotoxicity, 3.4 x 10> and 1.1 x 10* kg TEG water
per FU, respectively. Overall, the raw hemp biomass is competitive with other biomasses.

Table 2.4
Comparison of Environmental Impact Assessment to Produce Electricity from Alternate
Biomasses
Impact catesor Unit Raw hemp Peat Sweet sorghum Wood
P gory biomass biomass biomass biomass
kg C,H;C1
Carcinogens g2 5.7 % 107 8.0 x 102 1.0 x 10" 63 % 107
€q
kg C,H;C1
Non-carcinogens g2t 22 2.8 x 107! 2.7 x 10! 1.7
€q
Respirat kg PM2.5
espiratory € 1.7 x 10" 5.8 x 102 1.7 x 102 2.4 % 102
morganics €q
kBq C-14
Ionizing radiation d 2.1 %102 7.9 x 10! 1.4 x 10! 6.8 x 10!
€q
[6) 1 kg CFC-11
zone ayer & 22 % 10° 6.7 % 107 2.4 %107 1.5 x 10
depletion eq
Respiratory organics kg CoHa eq 1.2 x 102 2.8 %1073 1.3 %107 1.2 x 102
kg TE
Aquatic ccotoxicity <& L0 1.4 % 10* 7.2 % 107 3.4 10° 1.1 x 104
water
T trial kg TE
errestna g TEG 5.2 % 10° 2.9 102 5.9 % 102 4.0 10°
ecotoxicity soil
Terrestrial acid/nutri kg SO, eq 3.8 1.0 2.8 x 1072 6.4 x 10!
2org.arab
Land occupation Ori ara 8.8 % 10! 3.4 10! 5.5 33x 10!
Aquatic acidification kg SO eq 1.4 3.3 x 107! 4.3 %1072 1.4 x 10"
Aquati kg PO4 P-
anane. g PO4 1.4x 102 7.8 % 10 47 % 10° 7.2 % 10°
eutrophication lim
Global warming kg COz eq 6.3 x 10! 1.2 x 10? 2.3 1.8 x 10!

33



Table 2.4 continued

Non- bl
ON-Tenewable My primary 3.0 x 102 13 % 10° 3.1 % 10! 2.1 x 102
energy
Mineral extraction MJ surplus 1.2 1.7 x 10! 1.1 x 10! 9.4 x 107!

Note: The datasets for the peat, wood, and sweet sorghum biomasses to produce electricity are taken from Ecoinvent
3 databases [14].

The MCDA analysis for the everyday situation has shown that the use of hemp in the energy
sector performs poorly, which means that it is far from the ideal solution. However, the situation
changes in an energy crisis, when the use of hemp in energy production comes first and is the
best solution. These results suggest that more research is needed to answer the question: Can a
short-term solution also be considered sustainable? The LCA of raw hemp biomass combustion
answers this question compared to other biomasses and indigenous fuels (peat) for energy
production. Answers were sought on the impacts of different energy sources on human health,
climate change, resources, and ecosystem quality. The results confirm that the use of hemp in
the energy sector for energy generation is not sustainable. It should be avoided even in times of
economic crisis. The developed sustainability assessment methodology has shown that the
MCDA method provides only a partial answer to the efficiency and effectiveness of the biobased
product. Only if the results obtained with MCDA are further analyzed with LCA will it be
possible to have a complete picture of whether the use of hemp in the energy sector is sustainable
under all circumstances and could be a future solution to replace fossil energy sources. It is,
therefore, expected that the integrated sustainability assessment method will be widely used in
the near future.

Results of evaluation of pretreatment methods to extract fiber
from hogweed (Heracleum Sosnowski) biomass

A MCDA TOPSIS has been performed to compare and find the most appropriate method for
pre-treatment and obtaining fibers from biomass resources. The main goal of applying the pre-
treatment method is to break down the cellulose fiber [21]. Pre-treatment accelerates the process
and has many advantages, such as:

a) it is creating pores in biomass, which allows the separation of cellulose, hemicellulose,
and lignin residues;

b) it also enhances enzyme activity;

c) itis a cost-effective method in terms of low requirement of heat and power;

d) it extracts the valuable component from lignin [22].

A comparison of the performance of seven different chemical pre-treatment methods
considering four leading indicators for hogweed biomass was performed. Indicators have been
selected based on the literature analysis and availability of technical, environmental, and
economic data. After that, the decision-making matrix is compiled. All costs are considered to
pre-treat 1 kg of hogweed [23]. However, for KOH, cost assumption is based on the literature
[24], the concentration, required amount of time (i.e., considering the total experiment time and
chemical reaction between substrate and chemical), and methane generation capacity for each
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alternate method was assumed based on literature analysis [25]. Methane generation capacity is
a positive indicator because generated methane can be used for bioenergy applications at the end
of the process. The decision-making matrix indicates the numerical information for each
criterion and alternative (see Table 2.5) [23].

Table 2.5
Pre-treatment Method Alternatives and Selected Criteria
Alternatives
NaOH KOH Ca(OH), H>S0,4 HCL H,0, CH;COOH
Xal Xa2 Xa3 Xa4 Xa$s Xab6 Xa7
Indicators
tration (9
i Concentration (%) ) 25 25 ) ) 3 4
Time
2 3 1 1 7 7 7 7
‘ (days)
i3 Cost 054 3 0.59 033 064 047 122
(EUR) . . . . . .
. CH, generation capacity
i4 220 295 210.71 175.6 1634 216.7 145.1
(mL gVS™)

The significant findings of this case study are identifying the best possible method to produce
a valuable product, i.e., fiber. The TOPSIS method showed that the Ca(OH)2 chemical pre-
treatment method is the most suitable for pre-treatment. The graph is plotted based on the
closeness coefficient (see Fig. 2.9). The graph shows the results obtained from TOPSIS and
unitary variation ratio, ideally considered ‘1°. The nearest alternative to the maximum unitary
variation ratio is the third alternative, which is Ca(OH).. The lowest value derived is for
alternative 2, which is KOH.

CH;COOH NI 0.62
HO. I 0.82
HCL I 0.79
H.SO: I— 0.83
Ca(OH) I ___—_—_—_—_— | .88
KOH . 0.19
NaOH I — 0.39

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Unitary variation ratio

Fig. 2.9. TOPSIS results for pre-treatment methods.
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Results of evaluation of extraction techniques to extract essential oil
from fruit peel waste

Fruit peels have the best medicinal properties, such as antimicrobial, antioxidant, anti-
inflammatory, anti-infectious, anti-mutagenic, and hepatoprotective. The MCDA TOPSIS is
used to make decisions, analyze the significance of objectives, and to evaluate problem solutions
based on various types of information and data — qualitative and quantitative data, data from the
physical and social sciences, and politics and ethics.

The performance of four different green extraction methods were compared: steam
distillation, cold-pressing, solvent extraction, and hydro distillation. The selection of the
criterion, i.e., technical, environmental, economic, and social acceptability, is based on the vast
literature analysis. Table 2.6 shows a detailed overview of the selected criteria and sub-criteria.
These techniques are used in the evaluation to extract the essential oil from the fruit waste. Steam
distillation is a separation technique that can be applied to separate volatile organic compounds
[26]. Earlier studies show that 93 % of the proportion of essential oil can be extracted by steam
distillation [27]. The cold-pressing method is the standard technique used to extract essential oil
from the seeds of plants and fruits. Also, this process can be done at a low temperature below
60 °C [28]. The solvent extraction method, also known as liquid-liquid extraction, is a method
to separate compounds based on the solubility of their parts [29]. Hydro distillation is a
traditional method to extract oil or bioactive compounds from plants [30]. Overall, all four
methods have different functionalities and apparatuses.

Table 2.6
Sustainability Criteria Selection for Extraction Methods
Essential oil (from fruit waste)
Technical aspect Environmental aspect Economical aspect Source
Steam distillation ~ Pressurized container Less fuel & High equipment & [31]
required high temperature operating cost
required
Cold pressing High-quality Lack of hazardous Low cost & less [32]
production possibility organic solvent & manpower required
environmentally
friendly
Solvent extraction Simple equipment High temperature & Low cost [32]
used, low efficiency  production of hazardous
waste
Hydro distillation ~ Simple instrumentation High consumption Low cost [33]

of energy, no organic
solvent

The TOPSIS analysis results are shown in Fig. 2.10. Cold pressing (0.9) is the closest
alternative for the best solution not only for the technological criterion with the highest weight
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of all criteria (0.45) but also for good performance in the economic criterion with the second-
highest impact on results. Steam distillation ranks second technology, with an evaluation of 0.6,
and as a third possible technological solution, hydro distillation with 0.3 and solvent extraction
with 0.1.
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0.6
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Steam distillation Cold-pressing Solvent extraction — Hydrodistillation

Closeness coefficient (Ca)

Fig. 2.10. TOPSIS results for extraction technologies.

Results of evaluating biopolymers alternatives under sustainability
framework

A set of indicators considers aspects from ‘the cradle to the grave’, ranging from farm areas
to the complete life cycle of biopolymers as boundaries. Considering the literature analysis on
sustainable development in agriculture, the criteria were chosen for producing biopolymers. The
selected criteria and indicators used to evaluate alternative biopolymers are listed in Table 2.7.

Table 2.7
Set of Criteria and Indicators Used to Evaluate Alternative Biopolymers
Criteria Indicator Unit of measures
Carbon footprint COseq/kg polymer
Environmental Energy consumption MJ/kg polymer
Acidification SOzeq/kg
Biodegradability %
Circularity : : o
Period of biodegradability Days
Melting point °C
Technical Density kg/m3
Tensile strength MPa
Social Human health kg 1,4-DBq
Production cost USD/kg
Economic Market price USD/kg
Global production capacity %
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Among the survey respondents, 41 % were consumers, 14 % were from society, 7 % were
scientists, and the rest, 38 %, were value-chain actors, government policy makers, and academic
educators. Moreover, the survey respondents were from different countries, including India,
Egypt, Latvia, Spain, and the United Kingdom. The results of the weights of criteria derived
from the survey analysis are presented in this section. Based on the score from pairwise
comparison from every respondent, the consistency index ranged from 0.00 to 0.09.

The AHP results of 29 respondents are presented in Fig. 2.11. According to the average mean
of the five main criteria, the environmental aspect was of the highest priority (0.30), followed
by the circularity aspect (0.23), economic aspect (0.18), technical aspect (0.16), and social aspect
(0.13). These AHP weights are included in the MCDA methods. Selecting a proper MCDA
method is salient for a given decision situation, as various methods can yield different results
for the same decision-making problem.
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Fig. 2.11. AHP survey results.

Several factors influence the different results when applying various calculating procedures,
such as, a) the use of weights in a different way, b) different algorithms to select the best solution,
¢) many algorithms attempt to scale the objectives, which affect the weights, d) some algorithms
include the additional parameters, which affects the results. The results are summarized in Table
2.8 based on the ranking of biopolymers.

Table 2.8
Summary of MCDA Results
Rank MCDA methods

TOPSIS MOORA COPRAS VIKOR
1 Cellulose PLA Cellulose Starch
2 Protein Starch PLA Cellulose
3 Starch Cellulose Starch PLA
4 PLA PHA/PHB Cellulose PHA/PHB
5 PHA/PHB Protein PHA/PHB Protein
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The results show that the best biopolymer alternative in TOPSIS and COPRAS methods is
a cellulose-based biopolymer, as these methods work on the same principle of vector
normalization [34]. However, [35] argued that the TOPSIS and VIKOR methods work on the
same principle; equally significant similarities can be found between these methods. Also, a key
point is mentioned that TOPSIS works on vector normalization, and VIKOR works on linear
normalization. In contrast, the MOORA and VIKOR methods show that PLA and starch-based
biopolymers are the most suitable option, respectively. In this study, the decision was made
considering most of the best results among four different MCDA methods integrating with the
AHP. The cellulose-based biopolymer is the most suitable to produce from agricultural waste.

2.2. Results of market innovation

The most available and easy-to-access resource considered is agricultural residues, and
the eco-friendliness of the conversion technique is considered according to the type of
packaging materials. The market is set for Europe, and the products chosen are biopolymer
packaging materials, including PLA, PHA, starch, and cellulose. The evaluation rating for
market attractiveness is presented in Table 2.9. Since all market attractiveness indicators are
equally important, every indicator was assigned a weight of 16.666 %.

Table 2.9

Evaluation Rating for Market Attractiveness

2 o @ — 2
5 gf £ g 2 : g
Indicators Weights 5 = £ £ z £ > g 5 é
S £ g = < = = e
= S = = =)
2 2
E 1 2 4 5 E
Market size 16.666 % Little C P2 S P1 Great
Market
arke 16.666 % Low C S P2 P1 High
growth rate
Market profit 16.666 % Low C S P2 Pl High
ri
r.l(.:e. 16.666 % High C; P2 S P1 Low
sensitivity
Access to raw C:S:
16.666 % Difficult T E
material ’ rhed P1; P2 asy
Producti
o ”ctlon 16.666 % High P2 C; Pl S Low
cos

Note: C-cellulose; P1 — PLA; P2 — PHA; S — starch.

The evaluation rating for market competitiveness advantage is shown in Table 2.10. The
weight was set for the market competitive advantage indicator in percentage, considering the
importance of the indicator. The highest weights are 20 % for the availability of resources and
environmental ease of the technology. As per our developed methodology, these two indicators
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are crucial for a strong business portfolio. The rest of the indicators are evaluated for the 15 %

of weights.
Table 2.10
Evaluation Rating for Market Competitive Advantage
28 2% gia - 528
25 & g £ & g£= & =5 & =5 &
025 585 gis Eif :tiS
Indicators Weights S EZ = g2 S EZ T g2 ] Z
> S S = = S = S = > S =
Rating scale
1 3 4 5
Demand 15 % S P1 P2
Market share 15 % C S P2 P1
Availability of
varabiity o 20 % C;S; P1; P2
resources
Selling price 15 % C; P2 S P1
Environmental 20 % P1: P2 e
ease
Quality (based
on melting 15 % P2 P1; S C
point)

Note: C — cellulose; P1 — PLA; P2 — PHA; S — starch.

The visualization of GE-McKinsey results is shown in Fig. 2.12. The results in the matrix
show that PLA has a substantial potential for market attractiveness (4.65) and competitive
advantage (4.15) because PLA has the comparatively low market price (1.50-2.09 USD/kg)
with the highest production capacity (37.9 %) compared to other packaging materials. PHA
packaging material has the weakest position in the market competitive advantage (3.15).

To strengthen the position, PHA should be able to compete better and, if feasible, make
the market more appealing. On the other hand, cellulose material shows the least market
attractiveness (2.66), which can be improved by increasing the market size, growth rate and
potentially giving a better price. The market share for the cellulose is only 1.5 %. Starch
packaging materials show an average position for market attractiveness (3.65) and
competitive advantage (3.65). However, improving both ratios can lead to a higher position
for starch material.
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Fig. 2.12. GE-McKinsey matrix results for biopolymer packaging material alternative.

The results of this study strongly favor PLA packaging materials production with both
market attractiveness and competitive advantage. Moreover, biopolymer packaging material
investment opportunities bring an advantage to acting towards climate neutrality by complying
with the global environmental policy to decrease CO2 emissions by increasing the use of
agricultural residues and share of biobased products in the market.

2.2. Results of system innovation

A carbon footprint evaluation tool is developed for packaging products in the online
marketplace to help customers to identify and evaluate different packaging alternatives, from
the worst to the best scenario, based on their carbon footprint. The created tool foresees carbon
footprint evaluation among user-selected alternative packaging materials in five steps. The first
step is the selection of packaging material alternatives, among which the online marketplace
customer would like to make the carbon footprint evaluation. Once the packaging material has
been identified from the list of alternative options, the second step is defining the packaging
material's amount based on the size and thickness of the packaging material. Step three defines
the transportation scenario, including information on transportation type and traveled distance
to transfer the packaging. Step four is the carbon footprint calculation for selected alternative
packaging scenarios. In this step, the calculation is made for the created GHG emissions in
packaging production and transportation to the client based on the information provided in the
previous steps. Finally, in step five, a color indicator is assigned to every alternative, indicating
the worst, medium, and best options among the selected alternatives.

For the selection of packaging material, information from the packaging company is
obtained for different packaging material parameters, including the density and thickness
variation. The amount of material in the packaging area equal to 1 cm? is estimated based on
density and thickness. The packaging size can differ depending on customer needs. In the
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marketplace, the customer can select his preferred packaging (p) and such parameters as
packaging material (x) and size from the available options. This information will serve as input
in carbon footprint evaluation. For packaging p of a specific size with an area 4, (cm?) and
thickness 74 (um), the mass of packaging m, will be estimated in the tool by Equation (2.1).

my, = A, Py, 2.1
where
mp — the mass (g) of selected packaging;
Ap — area (cm?) of selected packaging p;
pa— area density (ng/cm?) of material x.

To estimate transportation impact, the definition of transportation scenario must include two
essential parameters: transport mode and transport distance. The carbon footprint calculations
for selected packaging can be performed by Equation (2.2).

CE, = CF,+ CF, 2.2)
where
CF) — total carbon footprint of packaging p,
CFp— carbon footprint of material x in packaging p;
CFyp - carbon footprint of transportation scenario ¢ of packaging p.

The variables C Fxp, and C Ftp are estimated according to Equations (2.3) and (2.4).
CE,, = CF, - Ap, (2.3)
where

CF - estimated carbon footprint for 1 cm? of packaging materials x;
Ap — area of packaging p.

The carbon footprint for the transportation scenario of packaging p is estimated as the sum
of the multiplication of transportation distance, the carbon footprint of transport type used, and
the mass of packing transported.

" (2.4)
CF,, = z D, - CF, -m,,
i=t
where
D; - distance by transport type ¢;
CF; - carbon footprint coefficient for transport type #;
mp—mass of packaging p.

CFrand CF; are the carbon footprint values obtained for a single unit process from Ecoinvent
by the IPCC 2021 impact assessment method. The C Fe, is calculated by selecting the global

average datasets from Ecoinvent. The transport mode for specific delivery routes must be
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distinguished among ship, truck, van, train, and aircraft based on information from the shipping
company. The carbon footprint coefficient for all transport modes is considering delivering the
transportation service of 1 kg of material across a distance of 1 km.

To provide packaging products online marketplace customers with an explicit and simple
way to compare carbon footprint values among their selected alternatives, the color indicators
are assigned to the obtained carbon footprint values. The color indicator is used for the three
carbon footprint levels: low, medium, and high. The different carbon footprint levels can be
calculated using Equations (2.5) and (2.6).

Max (CF,) — Min (CF,) (2.5)

3

where
I - value that is used for distinguishing carbon footprint levels;
Max (CFp) - maximum value among CF), of selected alternative options;
Min (CFp) - minimum value among CF) of selected alternative options.

If (CE,) < Min (CFp) + (I) , then (I1py); (2.6)
else (if (CE,) = Min (CFp) + (2 1); then (Inign); else (Imeaium)):
where
I, — low levels of carbon footprint;
Lnedium — medium levels of carbon footprint;
Ipign — high levels of carbon footprints.

1 —  — _Max(CF)

High carbon
footprint

Medium carbon
footprint

Low carbon
footprint

Min (CF,)

Carbon footprint, CO; eq.

Alternative 1
Alternative 2
Alternative 3
Alternative 4

Fig. 2.13. Colour visualization of carbon footrprint calculation for packaging alternatives.

A simple evaluation of packaging alternatives can be performed by indicating three
carbon footprint levels for packaging alternatives and their transportation scenarios: low,
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medium, and high. The carbon footprint calculation results can be presented to the online
marketplace client using color indicators to distinguish these levels. As shown in Fig. 2.13,
low, medium, and high carbon footprint levels can be visualized in green, yellow, and red
color indicators. It is noteworthy that the current tool may be developed further, including
surface variation and more materials. The carbon footprint calculation of the packaging,
including the transportation scenario not only shows numerical results and educates clients
but also allows the different stakeholders to prioritize opportunities to reduce GHG
emissions associated with the product supply chain.

Therefore, product policies that promote implementing carbon footprint reduction
schemes are worth considering. These policies should be standard and comprehensive,
embracing the environmental assessment of products considering their life cycle. In the short
term, companies are expected to incorporate carbon footprint schemes as a strategic measure
for market competition and decision-making. This goal can be achieved by following well-
defined methods. As a long-term goal, policy makers should enforce to implement carbon
footprint schemes for companies.

44



CONCLUSIONS AND RECOMMENDATIONS

The results reveal the key conclusions and provide a set of recommendations, incorporating

future advancement in sustainable bioeconomy by valorizing agricultural waste.

Conclusions:

1.

The research approach addresses the pressing need for the adoption of biopolymer
packaging materials sustainably while simultaneously advocating sustainable
agricultural waste valorization practices. Thus, the Thesis hypothesis stands valid — the
development of an integrated methodology that emphasizes substantial innovation pillars
will lead to the prioritization of biopolymer packaging materials and sustainable
valorization of agricultural waste.

The developed integrated methodology of the Thesis pinpoints the significance of holistic
and innovative approaches in promoting sustainability within the bioeconomy by valorizing
agricultural waste. Implementing a robust sustainability innovation pillar can potentially
achieve agricultural waste valorization. Integrating market and system innovation pillars
can sustainably drive a bioeconomy through unique biopolymer packaging strategies, which
enhances the value and usage of biopolymer packaging material, fostering more innovations
and sustainability.

The study emphasizes that the evaluation of bioeconomy modeling tools encompasses
various criteria, including documentation aspects, flexibility, compatibility, diversity,
validity, efficiency, and user-friendliness, and sub-criteria, including environmental, social,
and economic. These are crucial for researchers and scientists in decision-making processes.
For instance, the LCA tool stands out for its sufficient documentation, flexibility, and
diversity, making it suitable for evaluating agricultural resources. Similarly, the TIMES
model boasts high documentation, while the MILP model excels in flexibility. Each model
employs different algorithms, sub-criteria, and protocols for analysis, highlighting their
varied utility. Furthermore, modeling tools like MILP, TIMES, and GLOBIOM hold
promise for providing optimal outputs, particularly in the agricultural biorefinery sector and
land-use scenario analysis.

The research underscores that with the escalating global energy demand and ambitious
climate objectives, biomass utilization for energy production emerges as increasingly
imperative. However, careful selection and targeting of biomass sources are essential.
Notably, LCA findings highlight hemp's higher impact than other energy sources like peat,
wood, and other biomasses. During economic and energy crises, the immediate solution may
involve using hemp for energy generation or producing materials such as thermal insulation
to enhance energy efficiency. Nonetheless, this poses a dilemma between short-term relief
and long-term value creation. While hemp cultivation for energy generation may offer short-
term respite, sustainable and economically viable solutions should prioritize processing
hemp into high-value-added products long-term, aligning with economic and environmental
sustainability goals.
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5. The Thesis underscores the significance of developing an agricultural waste valorization
pathway that presents opportunities to leverage hogweed and fruit peel waste to produce
food additives and essential oils. Evaluating agricultural resource valorization alongside
alternative techniques involves considering various factors. Moreover, establishing multi-
level valorization of a single agricultural waste, such as Brewer's Spent Grain (BSG),
requires an assessment of the current utilization and valorization practices, laying the
groundwork for effective waste management and resource optimization.

6. The study emphasizes that prioritizing biopolymer products involves conducting
bibliometric analysis to identify research gaps and trends, particularly in sustainable
biopolymer production and agricultural waste management. Key areas such as assessment
methodologies and integrating bioconversion processes with sustainable development goals
emerge as crucial focus points. Developing a sustainable assessment framework using the
four MCDA methods combined with AHP survey analysis emphasizes the importance of
quantitative indicators in measuring biopolymer sustainability and promoting the
bioeconomy concept. This comprehensive approach aligns intending to elevate sustainability
and resource utilization in biopolymer production with cellulose-based biopolymer
emerging as the top alternative in TOPSIS and COPRAS methods. Conversely, PLA and
starch-based biopolymers are identified as the most suitable options according to MOORA
and VIKOR methods, respectively.

7. The research encourages that the introduction of system and market innovation pillars
facilitates the development of a concrete pathway to prioritize sustainable packaging
materials within the bioeconomy. By increasing the utilization of biopolymer products,
particularly in packaging materials, sustainable bioeconomy development can significantly
enhance contributing to the overarching goal of climate neutrality. The research findings
underscore a novel approach to biopolymers, emphasizing sustainability considerations and
advocating for investment in PLA biopolymer packaging material, which presents an
exceptional opportunity, with cellulose, starch, and PHA packaging materials also positioned
to seize significant market interest. The study stresses the complexity in assessing the full
sustainability and market potential of a product. Market analysis indicates that PLA has the
most potential despite sustainability assessment favoring cellulose biopolymer. This
dilemma illustrates the necessity of identifying synergies between profitability and
sustainability in product development with market strategies, underscoring the significance
of balancing economic and environmental considerations when making strategic decisions.

8. The methodology proves that achieving sustainable development and climate neutrality
targets articulates the implementation of a proposed solid bioeconomy development strategy,
prioritizing biopolymer products through the creation of system and market innovation
scenarios. The developed integrated methodology serves as a valuable tool for policy makers
to navigate more effective bioeconomy development paths. At the same time, municipalities
can utilize it at a regional level to inform invasive species management plans and leverage
the concept of agricultural waste value. This comprehensive approach facilitates practical
solutions to advance sustainable bioeconomy development and address pressing
environmental challenges.

46



9. The research offers data availability, which aids decision-makers in selecting sustainable

biopolymers for production. Additionally, market opportunities for biopolymer packaging
materials and implementing a carbon footprint calculator are valuable assets for companies
when making informed decisions regarding specific packaging materials.

Recommendations:

Future research developments should focus on agro-biopolymer production and socio-
economic aspects of sustainability alongside environmental considerations.

Attention should be given to developing quantitative sustainability indicators specifically
tailored to biopolymer production from agricultural waste.

The research recommends that more efforts must be made to address the lack of extensive
data on the market studies for biopolymers, especially concerning the circularity and
sustainability of the biopolymer. Improved data availability will enable a more accurate
evaluation of market potential and facilitate strategic decision-making by industry
stakeholders.

It is suggested that further research on refining parameters for carbon footprint tools, such
as packaging surfaces and additional materials used in packaging, is necessary to enhance
their accuracy and applicability.

Efforts should be made to improve the data availability on a regional scale to enhance the
precision of the carbon footprint tools and support policymakers in making informed
sustainability decisions.

The proposed methodology of the study should undergo further validation and real-case
applications to assess its effectiveness and reliability. This could include pilot projects that
evaluate sustainable strategies for biopolymer packaging materials from a sustainability
perspective.

The proposed approach is to advance the bioeconomy strategy by elevating the higher-added
value products in the bioeconomy, which should be further developed based on the changing
conditions of the industrial demand.

The study aligns with the sustainable development goals, and further research would be
worth developing policy frameworks that incentivize and promote sustainable practices in
biopolymer packaging material production and utilization.
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