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ANOTACIJA

Darbs ir strukturéts ka publikaciju kopa, kura apliikota skujkoku vertibu k&de un tas iesp&jamie
uzlabojumi. Aptuveni pusi Latvijas teritorijas klaj mezi, kuros doming priezu stadijumi. No
Latvijas valsts mezu apsaimniekotajam platibam 45 % ir priezu stadfjumi un 22 % - eglu
stadijumi. Sie ir ievérojami resursi ar lielu potencidlu videi un Latvijas tautsaimniecibai. Jau
20. gadsimta sakuma no Rigas ostam tika eksportéts ieverojams koksnes apjoms, diemzel
lielakoties mastika un zagmateriali, kas tika nosttiti uz Centraleiropas valstim, kur tie radija
lielaku pievienoto vértibu. Tomér miisdienas, sakoties cinai pret klimata parmainam un Eiropas
Zalajam kursam, nepiecieSamiba ilgtsp€jigi izmantot bioresursus ir kluvusi v€l aktualaka: 1)
censoties atsaistit ekonomikas izaugsmi no resursu paterina un 2) lai samazinatu CO; emisijas,
kas saistitas gan ar fosilas, gan biodegvielas sadedzinasanu. Saja darba izmantota teorétiska
analize sniedz lidzsvarotu skatfjumu uz bioekonomikas attistibu ietekméjosajiem faktoriem gan
valsts, gan uzneémumu Iiment. Apliikojot resursu efektivitati skujkoku koksnes vertibu kedg,
promocijas darba sniegta padzilinata analize par vairakiem inovativiem produktiem un
tehnologijam, kas veicinatu resursu efektivitati gan valsts, gan uznémumu limeni. Darba ir
ieklauts arT eksperimentalais p&tijums par skaiduplatnu izgatavosanu no skujkoku mezizstrades
atlikumiem un biologiskas izcelsmes saistvielas, pilniba izslédzot fosilas izcelsmes saistvielas.
Darbs aprob&ts ar septinam zinatniskam publikacijam, vienu zinatniskas publikacijas
manuskriptu un vienu vizualo prezentaciju starptautiska zinatniska konference.



ANOTATION

The work is structured as a set of publications looking at the conifer value chain and how it can
be improved. Approximately half of Latvia is covered by forests dominated by pine forests. Of
the area managed by Latvia's state forests, 45% is pine plantations and 22% is spruce
plantations. These are significant resources with great potential for the environment and the
Latvian economy. Already at the beginning of the 20th century, a considerable amount of timber
was exported from Riga's ports, unfortunately mostly mastic and sawn timber, which was
shipped to Central European countries where it generated more added value. However, today,
with the fight against climate change and the European Green Deal, the need to use bioresources
sustainably has become even more pressing: 1) to decouple economic growth from resource
consumption and 2) to reduce CO:; emissions associated with both fossil and biofuel
combustion. The theoretical analysis used in this work provides a balanced view of the factors
influencing the development of the bioeconomy at both national and company level. Looking
at resource efficiency in the softwood value chain, the thesis provides an in-depth analysis of
several innovative products and technologies that would contribute to resource efficiency at
both national and company level. The thesis also includes a pilot study on the production of
chipboard from softwood logging residues and bio-based binders, completely excluding fossil-
based binders.

The work has been validated by seven scientific publications, one manuscript of a scientific
publication, and one visual presentation at an international scientific conference.
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INTRODUCTION

The author investigates the relevance and implications of existing practices, product
development, and carbon mitigation strategies within the wood value chain. The study aligns
with the principles of biobased industries, the bioeconomy, value-added opportunities, and the
global goal of achieving carbon neutrality by 2050. By adopting a comprehensive approach,
this research aims to provide insights into the potential of conifer value-chain. Work explores
the interconnections between different aspects within the wood value chain, investigates
environmental impacts of recycling of cross-laminated timber, thermal insulation packaging
from forest residues, bio-based adhesives for engineered wood products, carbon storage in
wood based products, carbon dynamics in various carbon pools, and the development of 100%
bio-based particle boards from forest logging residues.

THE RELEVANCE OF THE TOPIC

The primary objective of this study is to contribute to the advancement of biobased industries
by exploring the factors and technologies impacting the transition to more resource effective
and carbon neutral economy. Work elucidates sustainable practices and innovative product
development in the wood value chain. By replacing fossil-based resources with renewable
biological resources, the research supports the transition toward a more sustainable and
environmentally friendly economy. Additionally, the study aligns with the concept of the
bioeconomy, emphasizing the sustainable utilization of biological resources. By focusing on
value-added opportunities, this research investigates the enhancement of wood-based products
through the development of bio-based adhesives, thermal insulation material, and 100% bio-
based particle boards. These endeavours aim to increase the value, competitiveness, and
economic viability of the Forest sector while concurrently reducing the atmospheric carbon.
Moreover, this research addresses the urgent need to achieve carbon neutrality by 2050 and
using mathematical modelling explores potential policies for using the Forest sector as a carbon
buffer. It explores carbon dynamics among carbon pools and evaluates the potential of carbon
storage in wood particle boards. By developing a mathematical model, this study provides a
better understanding of carbon sequestration potential within the wood value chain. The
obtained insights can be utilized by policymakers in the forest sector to develop efficient
policies that align with global carbon neutrality goals and facilitate the transition to a sustainable
bioeconomy.

Ultimately, this research contributes to the body of knowledge surrounding sustainable
practices, product development, and carbon mitigation strategies in the wood value chain. Its
findings and recommendations provide a basis for practical solutions that drive the transition
towards a low-carbon and sustainable future, benefiting both the Forest sector and the society.



THE AIM OF THE INVESTIGATION

To reach the primary objective of this study — to contribute to the advancement of biobased
industries, the factors and technologies impacting the transition to more resource effective, and
carbon neutral economy were explored. Sustainable practices, product development, and carbon
mitigation opportunities within the wood value chain were investigated, aiming to enhance
resource efficiency, promote environmentally friendly solutions, and contribute to the overall
sustainability of the industry. Following tasks were set to reach the overarching goal:

1. Determine the factors impacting the bioeconomy focusing on resource efficiency.

2. Develop a bioresource utilization index to evaluate the value added to the wood

biomass.

3. Propose cascade and circularity approaches to enhance wood-value chain resource
efficiency and carbon storage in the economy.
Conduct LCA for innovative products developed in line with this work.

&

Conduct a literature review on bio-based adhesives from various wood residues.
6. Conduct an experimental study for a product that would increase the added value of the
raw material beyond its current use.

THE NOVELTY OF THE RESEARCH

This research combines multiple evaluation methods and aspects of sustainability: value-added,
carbon footprint, and carbon storage dynamics. The novelty of the research lies in the
exploration of sustainable practices, product development, and atmospheric carbon mitigation
within the wood value chain. While there may already be existing research papers and patents
on specific topics within this domain, the novelty of this research lies in the comprehensive
approach. This research aims to provide a comprehensive examination of multiple aspects
within the wood value chain, ranging from recycling cross-laminated timber to carbon
dynamics in various carbon pools. This holistic perspective adds value by considering the
interconnections and potential synergies between different areas, leading to a more integrated
understanding of sustainability and reduction of the carbon footprint of wood-based industry.
This thesis seeks to address sustainability challenges and promote environmentally friendly
solutions in the wood value chain by examining various topics such as bio-based adhesives,
thermal insulation packaging, and 100% bio-based particle boards, this work can potentially
propose integrated solutions that combine different innovations and technologies for more
sustainable wood-based products and practices. In addition, the research on carbon dynamics
can serve as a basis for specific policy development, empowering Forest sector policymakers
with a tool for efficient policy development. A mathematical model on carbon dynamics among
carbon pools can contribute to a better understanding of carbon sequestration potential and the
environmental impact of wood-based products.

This research elucidates seven main factors that impact the bioeconomy and further focuses on
Forest sector exploring the seven factors in lines with the wood value chain. Therefore, the
novelty of this research also stems from its practical implications and real-world applications.
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Examined viability and sustainability of recycling cross-laminated timber, developed thermal
insulation packaging, or creating 100% bio-based particle boards provides insights and
potential solutions that have tangible impacts on the wood industry, resource efficiency, and
carbon mitigation efforts.

HYPOTHESIS

Wood value chain despite its bio-based raw material can be utilised not only for energy
production, but also for a long-term carbon storage. By integrating sustainable practices,
product development, and carbon mitigation strategies within the wood value chain, it is
possible to enhance resource efficiency, reduce the carbon footprint of wood-based industry,
and promote environmentally friendly solutions while maintaining economic viability.

PRACTICAL RELEVANCE

According to Latvia National Research and Innovation strategy for smart specialization — RIS3
national economy needs to transform towards resource efficiency and social innovations in
main economy areas — including forestry as one of the biggest areas. According to National
Research Ecosystem report 2014.-2018., only a small fraction of research has been devoted to
innovations in wood biomass use. Therefore, the practical relevance of this research lies in
multiple aspects: (1) patent of 100% bio-based chipboard from forest residues; (2) system
dynamics model for carbon flows in Forest economy; (3) multiple propositions for
improvements in resource efficiency of Forest economy.

STRUCTURE OF THE RESEARCH

Dissertation is based on seven scientific publications with overreaching goal to evaluate and
explore opportunities to increase the resource efficiency and value of conifers in Latvia’s Forest
economy. Multiple methods have been used in this work covering the topic in multiple levels —
National, Market, Enterprise, and product (as depicted in Fig.1.)



National level

Raw material

* Roundwood
* Logging residues
* Production residues

Multi criteria
analysis

— .. Enterpriselevel . _ . . _ . _._ . _. _._. _.

Product level

Life Cycle Experimental
product Analysis <z research

Figure 1. Visual research structure

Identifying the phenomenon or problem to be analysed: The first step was to clearly define the
phenomenon or problem that will be the focus of this work — Latvia’s Forest economy and the
use of Scots pine.

Data for analysis was gathered in according to levels described above and corresponding
methodology used to reach the required milestones for further work. Main methodologies used
in this work are: Life Cycle Assessment, Multicriteria analysis, System dynamics modelling,
Delphi method, Experimental research on chipboard material, and newly created Bioresource
utilization index approved in scientific publication.

SCIENTIFIC APPROBATION

Publications

1. A Review of Bio-Based Adhesives from Primary and Secondary Biomass for Wood
Composite Applications
Vamza, 1., Krigers, G., Valters, K.
Environmental and Climate Technologies, 2022, 26(1), pp. 1350-1360
2. CO, Storage in Logging Residue Products with Analysis of Energy Production Scenarios
Viksne, G., VamzZa, 1., Terjanika, V., ...Pubule, J., Blumberga, D.
Environmental and Climate Technologies, 2022, 26(1), pp. 1158-1168
3. Bioresource utilization index — A way to quantify and compare resource efficiency in
production
Vamza, 1., Kubule, A., Zihare, L., Valters, K., Blumberga, D.
Journal of Cleaner Production, 2021, 320, 128791
4. Bioeconomy triple factor nexus through indicator analysis
Zihare, L., Kubule, A., Vamza, 1., Muizniece, 1., Blumberga, D.
New Biotechnology, 2021, 61, pp. 57-68
5. Complete Circularity in Cross-Laminated Timber Production
Vamza, 1., Valters, K., Luksta, L., Resnais, P., Blumberga, D.
Environmental and Climate Technologies, 2021, 25(1), pp. 1101-1113
6. Criteria for choosing thermal packaging for temperature sensitive goods transportation
Vamza, 1., Valters, K., Dzalbs, A., Kudurs, E., Blumberga, D.
Environmental and Climate Technologies, 2021, 25(1), pp. 382-391
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https://www.scopus.com/authid/detail.uri?authorId=57212242517
https://www.scopus.com/authid/detail.uri?authorId=6505764618
https://www.scopus.com/authid/detail.uri?authorId=57388592800
https://www.scopus.com/authid/detail.uri?authorId=57222313624
https://www.scopus.com/authid/detail.uri?authorId=6504072758
https://www.scopus.com/record/display.uri?eid=2-s2.0-85111249743&origin=resultslist&sort=plf-f
https://www.scopus.com/authid/detail.uri?authorId=57212242517
https://www.scopus.com/authid/detail.uri?authorId=6505764618
https://www.scopus.com/authid/detail.uri?authorId=57221420141
https://www.scopus.com/authid/detail.uri?authorId=57221417632
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7. Life Cycle Assessment of Reprocessed Cross Laminated Timber in Latvia
Vamza, 1., Diaz, F., Resnais, P., Radzina, A., Blumberga, D.
Environmental and Climate Technologies, 2021, 25(1), pp. 58-70

8. Forest residues towards climate neutral products
Krumins J. A., Vamza 1., Dzalbs A., Blumberga, D.

Buildings (iesniegts manuskripts)

Reports at Scientific Conferences
1. System dynamics thinking to optimize carbon storage in the wood-based economy
Vamza I., Gravelsins A., Kasakovska A., Blumberga D., Prodanuks T.
European Biomass Conference EUBCE2023

Other scientific publications
1. Single Cell Oil Production from Waste Biomass: Review of Applicable Industrial By-Products
Spalvins, K., Vamza, 1., Blumberga, D.
Environmental and Climate Technologies, 2019, 23(2), pp. 325-337

2. Multi-Criteria Analysis of Lignocellulose Substrate Pre-Treatment
Vamza, 1., Valters, K., Blumberga, D.
Environmental and Climate Technologies, 2021, 24(3), pp. 483-492

3. Analysis of Bioeconomy Affecting Factors-Climate Change and Production
Indzere, Z., Kubule, A., Zihare, L., Vamza, 1., Blumberga, D.
Environmental and Climate Technologies, 2021, 25(1), pp. 1293-1304

1 LITERATURE REVIEW

Enhancing Sustainability in Engineered Wood Materials

Replacing conventional building materials with wood alternatives can have a great reduction of
atmospheric carbon [1]. As building with wood has experienced renaissance led by cross-
laminated timber and glued laminated timber [2], it is time to take the next step and improve
the sustainability of engineered wood materials as almost all conventional engineered wood
materials are produced using some kind of fossil binders [3]. Chipboards or particleboards (PB)
are one of the main wood products in international trade. Although the current process of wood
particle board production has been modernized for a long time, in essence production of boards
still involves the use of fossil additives [4] and toxic binders or their components [5], as well as
the use of quality wood [3]. Production efficiency has been improved and solutions have been
sought to reduce the impact on the environment during the entire product life cycle [6].
Chipboards have multiple variations and according to market research reports, these materials
are mostly used for construction and furniture [7]. Chipboard is one of the main wood products
in international trade. Its global demand and production have seen an upward trend in recent
years. Chipboard is an engineered wood product produced from high-quality wood chips by
bonding them together with synthetic resin or other suitable adhesive at a certain temperature
and pressure. Particle board consists of three layers: two surface layers and one base layer
11
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between the surface layers. The surface layers consist of fine particles, while the base layer is
made of larger and coarser particles. Fine particles usually do not add to material integrity but
is very important for the final material lamination process as smooth surface is crucial for
efficient coverage. Materials for the lamination significantly impacts the final material
functionality as it can increase scratch resistance and water repellency [8].

Although low-quality wood is being integrated into chipboards, it is not the preference of
industry but rather necessity due to intense deforestation and need for the biomass [3]. Referring
to the United Nations (UN) Food and Agriculture Organization (FAO) report, the global
production of roundwood in 2020 (including fuelwood and industrial roundwood) was
estimated at 3,966 million m® (fuelwood - 1,945 million m* and industrial roundwood — 2,021
million m*). Compared to the year 2000, the global timber production intensity has increased
by about 24%. Timber market models and estimates developed so far show that if the world's
population reaches 10 billion, the demand for wood will be greater than the global supply of
this raw material, which could lead to an increase in wood prices and uncontrolled cutting of
protected forest areas for illegal timber trade. The importance of forests and the need to protect
their resources is only one of the reasons to move towards environmental sustainability as one
of the main parameters of the timber industry when choosing raw materials for industrial
production needs. In order to maintain a stable and steady production of roundwood and timber
and to protect wood resources, necessary steps should be taken to increase the productivity by
using the raw material more efficiently or explore completely new and alternative raw materials
to replace high-quality wood [9]. Additionally, wood use in higher value added product
production has gained traction, e.g., fibres for textile [10].

Foreseeing the future needs for resources in general, there has been multiple research and
innovations oriented towards alternative biomass and adhesives for the engineered wood market
[11]. Pedzik (2021) and colleagues have reported the potential of chipboard production using
residues from forest management, tackling the need for sustainable raw material. Although the
team concluded, that the produced boards are applicable to P2 functionality (suitable for dry
environment), the adhesive used in this research is urea-formaldehyde based [9]. Mirski and
colleagues recently have explored the pine bark as an additive for chipboards using the urea-
formaldehyde and melamine-urea-formaldehyde resins [12]. Both of these adhesives are fossil-
based. Formaldehyde compounds are most often used in adhesives. One of the most important
areas of its production is urea-formaldehyde resin, but formaldehyde is classified as a
compound that can cause cancer (class 3 carcinogen), poisonous, corrosive and allergenic [13],
[14], [15, p. 5], [16], [17]. The wood particles are first mixed with glue and then formed from
them into an inlay, which is then hot-pressed to form a panel product [9], [12].

Although some types of panels are relatively new to the market, others were developed and
successfully implemented more than a hundred years ago. However, even for those types of
boards and panels that have long existed in the timber industry, the optimization of the
manufacturing parameters is still not complete. Technological developments and new market
and regulatory requirements, in combination with the raw material situation, drive continuous
improvements in wood panels and their manufacturing processes [18].
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Traditionally, plywood and oriented strand board (OSB) mechanical properties have been
characterized by strength and rigidity. They are resistant to various types of deformation and
impact damage. For most applications, stiffness and strength is one of the biggest advantages
of wood panels. Ultimate stiffness is measured as resistance to deformation under uniform and
concentrated loads and forces that would deform the plate from its inherent shape in the plane
of the panel. Stiffness often makes it possible to use wood structural panels without additional
reinforcements with other materials. Load-bearing wood panels are perfectly suited for
applications of bulky dimensions and loads, which are commonly used in construction Industry
[13], [19]. Chipboards on the other hand are more suited for indoor applications like furniture
and some instances decorative panelling. As previously described, these types of boards are
mainly used for their smooth surface allowing for variations in finishes by laminating them [8].
Therefore, the integrity of the board itself can be lower compared to OSB or plywood, making
the chipboards the most realistic product for green improvements.

Significant innovations have been made to ensure that wood panels do not have a negative
impact on human health or the environment. Formaldehyde emissions from the manufacturing
process of various panels have been significantly reduced in recent decades, and further
reduction remains the focus of effort and investment for panel manufacturers, adhesive
suppliers, and researchers. In addition, a relatively recent problem observed in the
manufacturing process is the detection and reduction of other volatile organic compound (VOC)
emissions. Several developed studies on the analysis of the life cycle of wood chipboards (life
cycle assessment), replacing synthetic resins with biological binders, such as soy protein, lignin,
tannin, etc., show a reduction in the impact on the environment [6], [16]-[18], [20].

One of the main driving forces for the continuous development of wood panels and,
accordingly, their production processes, is the continuous change in the availability of raw
materials and permits for use. The basic composition of the biomass used to make the boards
usually depends on what raw material is available regionally. Therefore, the composition of the
biomass and the final product may vary between plants in different regions. In addition, there
are not only regional differences in raw materials, but also their changes over time, caused by
several factors, for example, the management plans of forest areas are regularly changed. In
addition, the demand for wood, which until now was mainly used in the production of boards,
has increased significantly in several regions in other sectors, especially in the energy sector.
As a result of these changes, wood panel manufacturers are beginning to pay more attention to
optimizing their production processes and switching to alternative biomass types, including
recycled and other lower quality wood. However, the variability of the quality and composition
of wood raw material creates significant difficulties in ensuring quality uniformity. Studies
analyzing the effect of the chemical composition of wood on the strength of wood chipboards
show that different board strength can be obtained with changes in the content of wood particle
cellulose, lignin, hemicellulose, tannin, as well as extractive substances and at different particle
pH, particle porosity and permeability, as well as for changes in the anatomical and chemical
properties of other wood particles [18], [21].

The cost of the raw materials used, namely adhesive and wood chips, make up the largest part
of the cost of finished chipboard. Total material costs account for 40-60% of total production
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costs. Research to date indicates that adhesive costs account for 30-50% of the total material
cost of chipboard production, with the remaining 50-70% of the material cost being wood chips,
chips or logs. Therefore, glue and wood chips are assumed to account for 15-30% and 30-40%
of the total production cost, respectively. Other cost components such as energy, labour and
chipboard processing costs account for approximately 15-20%, 5-20% and 25-30%,
respectively. According to various authors of scientific literature, material costs account for
approximately 66% of total production costs. Undeniably, the cost of materials, which includes
the cost of adhesive and wood chips, most often accounts for more than half of the total cost of
production. Consequently, replacing wood chips with alternative raw materials other than high-
quality wood could lead to significant cost savings [13].

Additives such as citric acid and 1,2,3,4-butanetetracarboxylic acids may be added to
increase the performance (strength and resistance to moisture) of natural binders and to
facilitate their use [22]. The use of organic acids in adhesives or their production is a
common approach. For example, citric acid as a crosslinker and a hydrolytic agent can be
used as a plasticizer in starch matrices due to its structural properties. Another organic
substance which can be used as an alternative to formaldehyde resins are tannins because
they have many phenolic rings in their structure. Citric acid promotes the reaction of tannin
and sucrose at lower temperatures, thus potentially reducing energy consumption. An
alternative to citric acid can be ricinoleic acid, which can be obtained from renewable
sources — castor oil [23]. Ricinoleic acid is a C18 fatty acid that is also used in the production
of lubricants, its properties are made so different by the dual nature of fatty acids — their
acid functional group makes them polar, while the long tail of the molecule has non-polar
properties [24]. Tannins, in addition to greater mechanical strength, also help protect the
material from water. To make the adhesive easier to work with, it is desirable to obtain a
relatively flowing consistency to avoid unnecessary consumption and ensure the
homogeneity of the material [25], [26]. A more fluid adhesive that flows into the gaps in
the surface of the substrate increases the contact surface between the surfaces of the
substrate, thus also increasing the tensile strength and modulus of elasticity. Proportions
vary, but experiments show that acid concentration in solution should be around 25% in
order to achieve the desired viscosity [22], [26].

Alternatively, it is possible to follow the path of the synthetic additive by adding vinyl
acetate to the starch. In this case, the long starch molecules are crosslinked with smaller
vinyl acetate molecules that could be linked to the hydroxyl group of glucose by ester bonds.
This process is called grafting as the smaller monomers are added on the sides of starch
polymer [27]. Such addition of synthetic excipients can increase not only the mechanical
strength, but also the water repellence. Vinyl acetate prohibits water penetration, but starch
on the other hand forms hydrogen bonds — it attracts water and swells very easily, which in
turn reduces the mechanical strength ofthe material [27]. Samyn describes some biomimetic
and gene engineering solutions for green adhesives, but at this point these approaches are
at low technology readiness levels [28].

Starch structure — its branching intensity, also differ from plant to plant. Hence different
results can be achieved from corn [29], cassava [30] and other starch sources [31], [32].
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Chitin is a similar natural polymer to starch and cellulose. It forms the cell membranes of
fungi as well as the exoskeletons of invertebrates. The chitin monomer is glucose, which,
like cellulose, is linked by B-1,4-glycoside bonds, the difference being that the hydroxyl
group at carbon 4 in the glucose monomer is replaced by an acetyl amine group. Chitin,
unlike cellulose, also contains nitrogen. By treating chitin with alkali, it can be hydrolysed
to smaller oligosaccharides. Chitosan is obtained in this way, but it must be deacylated by
treatment with an organic acid, such as acetic acid, to make it sticky. The obtained glue can
be used not only for gluing timber, but also for wound treatment, helping to stop bleeding.
There are evidence that chitosan can be used as coagulant in wastewater treatment plants
[33]. Chitosan is electrostatically attracted to negatively charged surfaces, which is possible
because the deacylation of chitin leaves a free -NH3" group [34], [35]. The polarity of
chitosan means that this adhesive also binds water well, so the properties of the wood
deteriorate in the presence of water.

The positive aspect of chitosan is its production potential from the production residues of
other products, so it can become a by-product, such as in production of shelled shrimp [34].

Another promising adhesive derived from natural raw materials is polyol adhesive. It can
be obtained by transesterification of vegetable oil with glycosylated starch [36]. Higher
hydroxyl content in polyol improve the bond strength, hence making these polyols more
suitable for wood-based panel production [29] but are not compostable at the end of their
life cycle [37]. Polyols are transesterified fatty acids, when they are joined by ester bonds,
there are few microorganisms or enzymes in nature that could break them down.
Polyurethane, on the other hand, is obtained by reacting isocyanate with fatty acids, the
biggest negative aspect of which is toxic cyanide [38] when it is formed during combustion,
so flame retardants are always added to polyurethanes, which makes it more difficult to
process at the end of its life [39]. Due to cyanide safety issues, nonisocyanide polyurethanes
(NIPUs) are developed by using tannins as isocyanide replacement [38].

With the push and support from policy makers to green chemistry, safer adhesives have
been developed but at this point there are only few available on the market [40], [41] but at
this time they do not reach the >95% bio-based components requirements. Most of the
adhesives’ summarized in Table 3.1. working principle is based on condensation reactions
as in urea-formaldehyde. Research in bio-based adhesives field could be divided into
multiple groups — specific compounds (latex, vanillin), compound groups (e.g., lignin,
hemicellulose, suberin), and non-specific substances with adhering properties (e.g., bark
powder). Although all might result in good adhering properties, the specific compound
development would be favourable in industry as can ensure the most persistent product
quality for the user.

Carbon in wood based panels

Forestry practices produce large amounts of waste and residues from the harvestable yield.
This can present significant management problems, as the logging residues release carbon
dioxide without adding value to the economy. Meanwhile, sustainable energy sources and
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raw material feedstock are required with increasing global population and rising demand
for construction products and materials. Forestry waste and logging residues are under-
utilized resources for energy and material production. To date, there has been little activity
to utilise these resources in a “low carbon” way. It is estimated that for every cubic meter
of logged wood material removed, a cubic meter of wastes and residues (e.g., stumps,
branches, greenery) is left in the forest. Currently, of all wood-derived biomass produced
globally, 20 % can be accounted as primary production loss left in the woods to decay,
which could instead be used as a feedstock for a variety of products, including the
production of fuels, polymers and building materials and products [42].

Wood, like products made from it, has a significant advantage over other building
materials — they are an essential source of CO» sequestration. It has been observed that there
exists a direct correlation between the amount of CO, sequestered and the amount of wood-
derived biomass harvested to produce high-added value products — with increasing amounts
of wood harvested or rising efficiency of timber used, the amount of carbon sequestration
is also increased [43]. The overall decarbonisation solutions can be achieved if sustainable
carbon cycles, including using Carbon Capture and Utilisation technologies, are
implemented (figure 1.1.) [44]-[46].
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Fig 1.1. The sustainable carbon cycle of wood logging residues [42].

In the wood-based product sector, significant potential for CO, sequestration can be
attributed to the production of wood-based panels and engineered wood products [47], [48].
In a 2017 study about carbon storage in wood products, the carbon sequestration potential
of three different wood-based panels was reviewed — OSB, chipboard and medium density
fibreboard (MDF). According to the IPCC methodology, all three of these products are
included in the national inventory reports as harvested wood products that store carbon, thus
serving as a COz buffer to withhold it from reaching the atmosphere. It was calculated that
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a cubic meter of PB and OSB sequester 720 kg of CO; each and that a cubic meter of MDF
sequesters 820 kg of CO2, considering the number of emissions from material
production[49].

However, despite this advantage, producing such panels is quite an energy-intensive
process. The Best Available Techniques (BAT) Reference Document to produce Wood-
based Panels states that the average amount of thermal energy required to produce one cubic
meter of the material is 0.955 MWh for PB, 0.4 MWh for OSB and 1.65 MWh for MDF
panels. The average amount of electrical energy required to produce one cubic meter of the
material is 0.155 MWh for PB, 0.115 MWh for OSB and 0.505 MWh for MDF panels [49].
In turn, producing such thermal insulation materials as Ecowool and mineral wool requires
0.00416 MWh and 0.200 MWh of electricity per cubic meter of product. Although
rigidboards are popular insulation material, they are mostly produced from expanded
polystyrene or polyurethane foam - both are produced from fossil resources eliminating the
opportunity to store CO; in such products. Nevertheless, rigid and flexiboards from wood
fibres are becoming more popular. There is a wide range of insulation materials available
on the market, varying in composition and thermophysical properties.

Manufacturing insulation materials could become one of the future opportunities of the
forestry industry of Latvia, if the logging residues would be utilized for this purpose.
Forestry companies mainly sell the logging residues for energy production. As companies
in the forestry sector move to increase the efficiency and productivity of their production,
the utilisation of wastes and residues previously considered low value is becoming an
increasingly attractive option. Using these by-products to manufacture thermal insulation is
one of the potential solutions for increasing their value [50], [51].

Mitigation of CO2 emissions has become a top question in the last decades. Therefore,
understanding processes within rural CO> economy sectors, factors, interconnections and
effects on the environment and nature quality and guidelines for future activities are crucial.
Valorisation of COg, including direct capture and utilization, transformed CO; utilization
or pre-processed CO; utilization, can positively affect the reduction of CO2 emission and
the development of rural areas [44]-[46], [52] The changes in wood waste treatment
practices and production of the rigid board from wood logging residues can have a positive
effect on mitigating CO, emissions, providing its storage in the products. This work aims
to analyse the environmental impact of this insulating material. Using an underestimated
resource to produce thermal insulation material can be viable from economic and
technological perspective. The practice could be favourable from product demand, and raw
material supply perspective by adding value to wood value-chain.

Wood in construction

In lines with the Europe’s Green Deal and overall ambition to reduce the carbon footprint of
human activities, building and construction industries are a good direction to look. According
to life cycle assessment on environmental impact of a dwelling in EU, individual family houses
have the biggest negative annual impact per person per m?. Significant negative impact is from

17



building construction — mainly due to the metal that has been used for concrete reinforcement,
used metal has 40% effect on Human toxicity [53]. According to European Commission,
building construction and use consumes half of all the extracted materials and produced
energy [54]. Hence any improvements in construction and building industries could bring
significant positive change regarding environmental impact of human activities.

As abovementioned, concrete and steel have the most negative impact. In order to reduce the
global warming potential (GWP) of building construction and exploitation, alternatives to
reinforced concrete are being explored. For comparison — GWP of concrete with ~ 40 MPa
strength is from 120 to 60 kg CO»/m® for some greener concrete variations [55], in contrast
cross-laminated timber with the same strength has only 40 kg CO2/m*> GWP [56]. Wood based
products were popular in the mid-20"™ century but increasing fire safety concerns and demand
for high-rise buildings motivated the use of steel reinforced concrete. Up to 2014 cement
industry experienced steady growth globally reaching 4 Gt of annual production, since then the
annual production volumes have not changed [57]. Search for more sustainable options have
led to engineered wood products (EWP), these materials are made from various types of
primary and secondary timber. Wood biomass has become desirable again, this time it is due to
its added benefit of carbon storage. Naturally timber has great load bearing capabilities, EWP
exploit these properties and offer structural materials with much lower environmental impact
than concrete. Wood-based panel market is growing globally, by the estimates the size of it in
2019 was 124.416 billion euros [58] and it continues to grow. Geographically the biggest
market share is held by Asia Pacific region, it accounts for around 54%. Europe holds around
24% of the wood-based panel market. Wood-based market can be divided in terms of
application or product category. Some of the most popular products are medium density
fibreboards, chipboards, plywood, softboard and hardboard. Product popularity varies in
different regions, for example — oriented strand boards (OSB) are the most popular products in
United States. In Europe the most popular ones are chipboards and medium density boards
(MDF) holding around 75% of Europe’s market. Cross laminated timber is another product that
can serve as an alternative in construction, this product is developed in Central Europe and at
this point its market share has not even reached half a billion. Nevertheless, material like cross-
laminated timber (CLT) is a good example of EWP [59]. CLT panels are produced from planks
adhered together layer by layer. To ensure higher mechanical strength, layers are oriented on
top of each other to 90° in relation to bottom layer. Mechanical properties of the final panels
are dependent on used adhesive, thickness of the separate layers and type of wood. Lower grade
planks can be used, but in order to achieve uniformity of the material, knots are usually cut out
of the planks before gluing them together [60]. Overall EWP category is becoming more
popular in the construction industry [61]. Another benefit of CLT and other EWP is their low
density, this is important factor for building mid- and high-rise buildings as the structures of
lower levels need to hold up all the weight above them. Higher strength to weight ratio is more
desirable [62].

Hemstrom et al. 2011 research concluded that stakeholder attitudes towards wood in
construction are changing. In Sweden restrictions on mid-rise wood constructions have been
lifted since 1994 [63], in Latvia only since 2015 it is allowed to build up to six story buildings
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from wood, but only if evacuation routes are fire proofed and equipped with sprinklers [64].
Nevertheless, 15 years after lifting restrictions architects in Sweden still considered concrete as
the most reliable material in comparison to steel and wood, even if wood ranked highest in
environment, design and project categories. Project category included costs, construction time,
work environment and transport [63].

Despite the stakeholder attitude towards building with wood, EWP like medium-density
fiberboard, CLT and laminated veneer lumber (LVL) have proven that their physical properties
are similar to widely used materials with higher negative impacts on environment. For example
— wood fiber insulation materials thermal conductivity matches the one of rockwool, with the
added benefit of increased heat capacity. Due to LVL considerable compressive strength this
material can replace steel beams however CLT has considerable compressive and flexural
strength, hence it can be used in weight bearing wooden constructions [61]. According to OECD
[65] globally life quality is increasing, as mentioned by FAO [66] this is one of the factors
demand for wood-based panels are expected to rise even more. Hence biobased panels that
could provide consumers with the same functional qualities could be well accepted not only by
environmentally conscious consumers, but developers who will need to find a way to meet the
growing customer demand.

In the mid-rise wood building segment popular choice has become CLT, there are multiple
examples of eight-storey projects [62], [63]. Pre-made panels is one of the reasons construction
with CLT is significantly faster as noted by Hemstrom et al. [63]. Specific shapes can be cut
prior material transportation to construction site. This approach allows to cut down the onsite
operation time and reduces the transported mass and fuel consumption in return. Nevertheless,
all the cuttings are sent to waste stream as their dimensions are useless for application in
construction. These cuttings account for around 15% of produced CLT [67]. Usual treatment
of CLT waste is incineration as added chemical inhibit biodegradation making it unsuitable for
landfills [62]. Life cycle assessment have been often used to compare environmental impact
during construction, exploitation and end of life stages of reinforced concrete structures
versus CLT structures [68]. At this point many papers have been published on this topic
evaluating various geographical cases [56], [62], [68], [69]. Nevertheless, the amount of
cuttings and their impact have not yet been studied. To increase the resource efficiency when
building with wood, this work explores environmental impacts of CLT cutting reprocessing
into functional full size CLT panels in comparison with business-as-usual scenario of CLT
waste disposal. Technology for CLT reprocessing is developed in lines with industrial research
and all the mass flows are based on the results of it.

The potential of thermal insulation material from logging
residues for packaging

Temperature sensitive products have been challenging commodities as transportation of
them requires more energy and resources. In many cases temperature monitoring is required
to guarantee the quality of the product. Commodities like meats [70] can spoil if temperature
rises, vaccines require even stricter temperature regimes as they can lose efficiency when
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exposed to higher or lower temperatures than recommended [71]. In both cases temperature
fluctuations out of the required range requires recall of the product. This can be very
expensive and sometimes life threatening [72] in case of vaccines and first aid kits.

Temperature sensitive product logistics require cold chain — continuous low temperature
regime from storage after production to transport and final storage before getting to the end
consumer. Usually, logistics managers are responsible that cold chain is not broken in any
link, ensuring the required temperature regime. Additionally, there are costs, CO» footprint
and other factors that need to be considered when cold chain logistics is being developed.
There are multiple aspects logistics management need to consider — required temperature
regime, available infrastructure, time frame and available financial resources [73]. In every
case risk assessment needs to be conducted and precautions weighed. Multiple tools can
help to ensure efficient product transportation - The Global Positioning System [74] along
with temperature logging [72] can provide real-time information on location and
temperature of the product. Temperature logging can provide information, but in no way, it
is a tool that can impact the situation, only help to elucidate the weak points in cold chain.
Temperature fluctuations of the transported goods can be prevented by using dry ice or cold
packs [72] and thermal insulation packaging [75].

All the above-mentioned equipment and tools impacts the carbon footprint of the whole
cold chain. The most popular thermal insulation material used in temperature sensitive
product transportation is polystyrene [76] — styrene is synthesized from ethylene and
benzene and then polymerized [77]. Ethylene and benzene are chemicals acquired in
petroleum refining process [78] making polystyrene a non-renewable polymer. In addition,
its carbon footprint is considerable making up 64.98 kg of COeq per m® expanded
polystyrene with heat conductivity of 0.031 W/m-K [79]. Polystyrene has a negative impact
on environment not only in production process, but at the end of its use as well. Song ef al.
experiment results show that polystyrene can lose its mass for as much as 5% after a month
of exposure to Sun and outdoor weather, nevertheless polystyrene’s mineralization can take
hundreds or even thousands of years. This polymer breaks down when exposed to UV light,
natural exposure from the Sun is sufficient for polystyrene to break down in microplastics
and even nanoplastics [80]. In this form it is dispersed in natural bodies of water where it
is ingested by marine life and ends up in food network leading to humans [81].

To address the environmental issues regarding cold chain and logistics overall, green
logistics approach has been implemented. Green logistics deals with reduction of the
negative aspects of goods transportation — like noise, air pollution, greenhouse gas
emissions, accidents resulting in wastage and so on [82]. In many companies the necessity
for temperature sensitive product transportation is so rare that it is outsourced, leaving the
decision making regarding packaging, vehicle and the rest of logistics in the hands of
another company [83]. According to Lammgard and Andersson (2014), around 70% of
companies claim that the environmental aspect is important when outsourcing the
transportation service for their goods [84].

World Health Organization (WHO) have recognized the impact of global vaccine cold
chains on environment. Inefficient fuel use, poor quality insulation of buildings, fossil fuel
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use and many more factors contribute to the negative environmental impact [85]. Packaging
has been recognized as another important contributor to the negative impact on
environment, hence WHO is in search of more sustainable packaging regarding vaccine
logistics, including thermal packaging used for temperature sensitive product shipment
[86].

Already 10 years ago corn based packaging was highlighted by WHO as a sustainable
choice in vaccine transportation [86]. Today there are companies like “Greencellfoam” [87]
that offer biodegradable solutions made from corn, this material is often provided by
logistics companies under generic name — starch-based packing peanuts. Technology behind
starch-based packing peanuts is similar to polystyrene extrusion. Usually, some kind of
blowing agent (air or supercritical CO2) is used to enable air bubble production in the
extruded material [88], [89]. Although this material is completely compostable with lower
negative impact at the end of'its life in comparison to conventional plastic foams, it is denser
[88], hence more expensive to use in air cargo shipping. In addition, the hydrophilic
properties of starch-based foams make them prone to size reduction in humid environments
and even dissolving if the material comes in contact with water. To counteract the
hydrophilic nature, there are attempts to merge starch with small amounts of plastics, as this
reduces the carbon footprint in comparison to conventional plastic foams while increasing
the product water resistance [90].

Another commercially available thermal insulation material for packaging use is
mycelium based. “Ecovative” were the pioneers leading this material to the market in 2007.
Agricultural and wood waste can be used to produce mycelium-based insulation material
[91]. As seen in nature, fungus weaves through the substrate and interlocks the substrate
particles in a rigid structure. This can happen due to fungus morphology — its cells are
making filamentous structures called hyphae — these strand like structures allow for fungus
to connect with each other and create a network [92]. Substrate locking with hyphae can
result in stiff material with better strength than polystyrene. In addition to mycelium-based
materials produced from agricultural and wood waste being biodegradable, production
technology consumes considerably less energy than polystyrene production - 652 MJ and
4667 M1, respectively [91]. Downside of mycelium insulation materials is its production
time as it is limited to the slow growth of mycelium [93].

Another thermal insulation material produced from waste is feather insulation found on
the market under the brand name of “Pluumo” [94]. In European Union alone annually
around 3 million tonnes of feather waste are created from poultry farms. Feathers contain
natural fibers that can be used in non-woven form to achieve low thermal conductivity of
0.030 W/m-K providing better thermal insulation than polystyrene foam. Feather insulation
has the same weakness as other already discussed thermal insulation materials — water. Fiber
structure makes it easy for water to seep into the material with capillary forces [95]. Hence
waterbirds constantly preen their feathers with a waxy secretion to make them water
resistant [96]. Plucked and processed feathers lose their coating making them prone to water
absorption. The weak spot of thermal packaging from feather mat is the base of the box
where all the weight of transported goods is pushing down — reduced thickness of feather
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mat greatly impacts the quality of packaging by increasing the thermal conductivity [95]. A
similar material prone to the same problem is made out of sheep wool — on the market under
the name “Woolcool” [97]. Although the macroscopic structure of wool is different from
feathers, it is made of the same protein fibers called keratin, making the material
hydrophilic. Like bird uropygial gland, sheep have glands on the skin that produce waxy
substance called lanolin, impregnating the wool to make it water repellent. Sheep wool has
good thermal insulation properties of 0.033 W/m-K [98].

Riga Technical University’s research team has developed a thermal insulation material
from logging residues without any synthetic additives. Material shows similar
thermophysical properties as abovementioned insulation materials, but contrary to packing
peanuts, Pluumo, and Woolcool it is more rigid and does not lose its properties when
product is compressing at it.

As shown above, there are multiple new and innovative thermal packaging solutions on
the market, but none have been as successful as polystyrene boxes. There are many criteria
that logistics management needs to consider while choosing the right packaging. Some of
the more environmentally sustainable packaging solutions provide more efficient thermal
insulation than other but all fall short in some respects, hence it is necessary to elucidate
the most important criteria evaluated from the industry’s perspective that is dealing with
temperature sensitive product transportation. In this research pairwise comparison was used
to determine the most important factors regarding thermal packaging from the perspective
of logistics managers in Latvia’s biotechnology, pharmacology, and fine chemical
enterprises.

Resource efficiency

Energy efficiency has been a major challenge ever since the Industrial Revolution began. Today
improvements in technology are related to resource efficiency improvements and increased
quality, along with innovations in completely new product creation [61]. Preference for specific
technology is impacted by production volume and raw materials used, as well as regional
legislation [99]. Policy has a strong role in technology development as strategic incentives to
research and development lead to their improved production efficiency of technologies. Their
adoption in new and existing production plants could lead to growing demand for biomass
feedstock [100]. Due to existing legislation it is expected that the demand for biomass feedstock
for production will indeed grow in local, EU, and even at the global level [101] reducing the
negative impact of production on climate [102]. However, biomass cannot substitute for fossil
resources to the same amount needed to satisfy demand for products and energy, so that
European requirements are now focusing on more effective biomass usage and biowaste
management. Burning of fossil fuel releases the carbon sequestered millions of years ago back
into the atmosphere, hence increasing the amount in the active carbon cycle [103]. To slow
down climate change, fossil resources would need to be completely replaced by bioresources
[104] and alternative energy sources, such as hydrogen. This would require an immense
commitment on the part of industry, as demand dictates supply. Demand not only dictates the
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amount of available bioresources, but also stimulates the development of new greener
technologies [105]. Bioresources vary in composition even more than fossil resources, requiring
more variable technologies and demanding a more flexible approach from industry [101]. In
addition, various biomass leads to different products with varying value per ton of raw material
[100]. Therefore, production of biomass with higher added value is so important, and technology
development of new and underused biomass to raise its value. Recognizing the crucial role of
research and development (R&D) in innovative technology development [100], the EU allocates
considerable resources to promoting R&D biotechnologies [101].

Resource efficiency and bioeconomy are becoming more ubiquitous terms in global scale.
Bioeconomy is viewed as a frame for sustainable bioresource consumption by adding value to
society. The same goes for raw materials used within bioeconomy. Although, European Union
directive 2008/98/EC [106] defines that by-product of production is not classified as waste, in
reality often by-products of production are treated as waste in enterprises and sent to waste
streams.

In this research we are evaluating various factors impacting by-product utilization or redirection
to waste streams. All factors are interlinked in “bioresource nexus” and specific indicators can
be used to describe these linkages [107]. We propose a simple calculations’ method to
determine by-product utilization efficiency describing “Waste — bioresource” linkage. In
conventional economics demand creates supply, in terms of bioeconomy demand for
bioresource is often limited to technological capabilities and knowledge base of stakeholders.
One resource can be used to produce products with various added value levels [108] and
cascading is viewed as most sustainable way of bioresource utilization. Cascading refers to
bioresource utilization for higher added value product production where created leftovers are
redirected to production of another, usually lower value, product [109].

While technological approaches in food manufacturing have offered new markets and
opportunities, they must also respond to changing environmental concerns [33]. Conservation
of resources, recycling and reuse of materials, utilization of by-products and bioconversion of
waste materials in addition to reduction of environmental loadings are contributing to
environment sustainability [110]. Biowaste is quite a broad term including wastewaters,
agricultural residues as well as residues from slaughterhouses [111]. Each of these types of
waste burdens environment in different ways. Wastewaters might bring toxic pollutants within
it causing stress to aquatic ecosystem and reducing biodiversity [112], in addition elevated
biological oxygen demand (BOD) can cause dead zones [113]. Other organic matter, like
manure and agricultural residues, but mainly food waste are causing methane production due
to anaerobic digestion taking place in landfills [114]. According to Bandara et al. 2007 research,
90% of generated waste in households are organic, moreover households with higher income
level are producing more organic waste linking biowaste production with socio-economic
factors [115]. Despite this link it is almost impossible to assess the waste to bioresources flow
on national scale due to limitations of available data. Biowaste’s burden on environment has
led to development of various technologies to relieve the stress. Most noticeable being
wastewater treatment, reducing BOD in natural bodies of water [116] and landfill gas collection
facilities [ 117]. In many cases, reducing burden on environment has led to profit generation. As
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example in Latvia, SIA “Getlini Eko” — the biggest municipal solid management company has
developed a profitable side business by collecting landfill gas. The use of heat energy and
electricity generated from landfill gas combustion allowed them to successfully grow
tomatoes[118], in this case energy intensive culture [119] is produced entirely using organic
waste. Nexus impacting this decision is further investigated in this study using other enterprises.
The abovementioned example is an apt representation of bioeconomy, showing that biowaste
can serve as raw material for acquiring other products [111]. According to EU “bioeconomy
[...] encompasses the production of renewable biological resources and the conversion of these
resources and waste streams into value added products, such as food, feed, bio-based
products and bioenergy” [120]. On the contrary, OECD in their definition concentrates on the
benefits bioeconomy is providing to society: “bioeconomy to be the aggregate set of economic
operations in a society that use the latent value incumbent in biological products and processes
to capture new growth and welfare benefits for citizens and nations” [121]. Though expressed
differently, one can argue that biowaste is the very embodiment of “latent value” as often
biowaste is sent to polygon despite the possibilities for using it to acquire higher added value
products, like reducing sugars[122]-[124] that can further be used for ethanol or even enzyme
production [123]. Perhaps the most obvious usage of biowaste is biogas production [125], this
can be done straight in polygon of municipal waste [117] or in biogas plants [126]. So, despite
absence of term “waste” in OECD definition, it is still considered a crucial bioresource and its
value depends on the selected management approach.

In fact, OECD project to design a bioeconomy policy agenda for government is strongly
concentrated on biotechnologies like gene engineering not once mentioning waste [121]. EU
approach is more grounded and oriented on managing resources to their full potential — using
every last bit of raw material for the same or various product generation. The OECD approach
is oriented on using bioresources to their highest potential — creating products with highest
possible added value. When it comes to the actual situation, there are plenty of companies
producing biowaste but fewer companies are applying actual biotechnologies in context of gene
editing or working with modified organisms. There are almost half a million manufacturing
enterprises in EU using bio-based raw materials, and accordingly producing biowaste [127].
The actual amount of produced biowaste is unknown.

In the scope of this study using bottom-up approach we are looking into the enterprise level of
biomass utilization — enterprises using biomass to produce specific products. We are analyzing
the nexus involving biomass, biowaste and bioproducts, as well as additional detected factors
in this nexus. In addition, we are proposing an indicator for evaluation of by-product utilization
in enterprise.

Factors for waste to bioresource flow

As mentioned above, biowaste and bioresources can be one decision away from each other. So
far industrial energy efficiency is studied as main position to cut down CO; emissions and
reduce industry’s caused effect on climate change, “Our World in Data” reports that electricity
and heat production sector is the biggest CO2 emitter [128]. As our understanding of natural
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carbon cycle and storage becomes broader, there are more policies aimed at preventing
destruction of carbon rich biotopes [129], [130] as well as stimulating circular economy. In
2015 European Union adopted whole Circular economy package including specific deliverables
[131]. Nevertheless, there are ongoing discussions on how to evaluate and measure various
factors impacting industrial energy efficiency [132], [133], but factors for bioeconomy have not
been discussed enough. Industrial clusters have been drivers for development of various
competences, there are clusters related to bioeconomy with respective key performance
indicators [134], 78% of these indicators are economical in nature.

Technology and waste

In the context of bioeconomy, technology as a term covers a vast field — from mechanical
technologies to biotechnologies like gene engineering. As bioeconomy is based on bioresources
— increasing amount of bio resource productivity means larger capital circulation in this field.
In earlier stages of industrial development, increase of bioresource amount in economy was
achieved by simply expanding land used for bioresource cultivation. With growing threats of
climate change and decreasing area of wildlife habitats [ 135], it has become clear that expansion
is not an option anymore and other ways for acquiring greater amount of biomass needs to be
found. Today it can be done by using biotechnologies like gene engineering. Hence, there has
been a great boost to bioeconomy from field of life sciences. Possibilities for boosting lipid
production in plants [136] and microorganisms [137] have been studied widely for further
applications to biodiesel production, in addition, manipulations to achieve better lignin biomass
for 2" generation biodiesel production have been done [138]. EU is recognising the importance
of technologies in life science. According to Deloitte research, EU has the biggest cited
publication amount in field of biotechnology in comparison to United States and major Asian
countries [139]. In addition, considerable amount of financial resources are dedicated to EU
Food, Agriculture, Fisheries and Biotechnology programme Activity 2.3: “Life sciences,
biotechnology and biochemistry for sustainable non-food products and processes” [140].
When it comes to manufacturing companies, technologies usually are a crucial part of
production. Applying effective technologies in the production process can reduce the amount
of generated waste or simply increase the production yield. As food production companies are
dealing with considerable amount of organic matter, this could be a field with potential for
bioeconomy development.

Nevertheless, there are multiple factors impacting bioeconomy principle adoption. In this
research we are elucidating factors impacting this segment of circular bioeconomy development
as well as proposing indicator to characterise utilisation of bioresource’s potential. As a case
study we are analysing two producers using the same type of biological raw material but
creating different products. Varying waste types allowed us to calculate various scenarios for
by-product utilisation. Although EU have clearly defined difference dividing waste from by-
product, after interviewing managers in three enterprises, we concluded that terms by-product
and waste are used interchangeably. Figure 1.2. represents scheme adopted from Eurostat
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Manual on waste statistics, with our modification to show dissolved border between by-
products and waste.

Economic activity

PN

Product Production residues
All material that is A material that is not deliberately

deliberetly created in a produced in a production process
production process but may or may not be a waste

Private housholds

Consumptions residues

Arise from consumption
in private households
and businesses

Waste treatment
facilities

By-product Primary waste

A production residue Any substance or object which =
P the holder discards or intends Waste treatment residues

that is not a waste . . .
or is required to discard Waste generated by waste

treatment facilities during
the process of waste
treatment

Secondary waste

Fig.1.2. Waste generation scheme [141].
To evaluate reasons behind decision making leading to various choices, multiple interviews
were conducted with production managers as well as representatives from companies dealing
with produced waste. In real-life situations by-products and primary waste is not so clearly
divided, as companies often discard by-products as waste, in some cases by-products are used
but not to their full potential.

Bioresource value

In bioeconomy resource value can be estimated from bio-based value pyramid representing five
ways for biomass use: (1) Pharmaceuticals & Fine chemicals (PFCs); (2) Food & Feed; (3)
Bioplastics & Polymers; (4) Bulk chemicals and (5) Energy, Heat & Fuels in descending order
of'value [108]. Although biogas fits in fifth category as a source of energy, we argue that fourth
category would be better fitted for biogas. As burning process oxidises organic compounds into
inorganic carbon dioxide (a well-known greenhouse gas) leaving only ash, after biogas
production leftover digestate can be used to improve nutrient content in soil [142]. This
classification could be backed up by Stegmann et al., representing energy recovery and
composting as part of circular economy, partially feeding back resources into sustainable
biomass sourcing [108].

Top of the bio-based value pyramid is occupied by PFCs as usually these products have higher
economic value, as well as by-products can be further used in various applications. One
example of bioresource use in PFCs is potatoes — product that typically is used for food and
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feed can be processed into PFCs like ascorbic acid and phenolic compounds [143], [144]. More
importantly, these PFCs can be extracted from potato peels in this way increasing added value
of by-product from food industry.

2 METHODS

In this work Bioeconomy is analysed in multiple levels — from the product level to National
level, using corresponding methodologies. Results of this work will be depicted in the same
order as corresponding methods.

Experiments for chipboard production

To promote the transition from fossil based resources in material production, laboratory
experiments for chipboard preparation from conifer logging residues and bio-based binders
were conducted. Binders were chosen on the basis of literature review. Experimental work to
produce bio-based chipboards from logging residues were done according to described
methodology. Logging biomass was delivered in SOL to 100L polyethylene bags as wood chips
from forest felling where branches were chipped with needles intact. Although the content of
wood chips varied depending on the location and environment in which the wood chipping was
carried out, as well as on the proportions of wood biomass, after visual assessment it was
concluded that the wood chips mainly contained the heartwood and sapwood, bark, needles,
fresh and decayed biomass particles, and mineral particles. To determine the mineral contents,
chemical analysis of different supplied biomasses was carried out, placing a small part of
selected biomass in a 500 ml polyethylene bag and taking it to the Waste products and fuel
research and testing laboratory of Ltd "Virsma" for analysis. Along with mineral content, the
volatile substances in biomass were determined according to the LVS EN ISO 18123:2016
standard.

Based on the literature review on chipboard production, multiple parameters were chosen to be
tested for chipboard production from conifer logging residues. As multiple wood-based panel
types are widely produced and improved, there is a vast body of literature describing the
production process of such materials, therefore the parameters in this work were chosen
accordingly [18].

Experimental stand was custom made and included hydraulic press with hand pump (Hansa
Flex - 10 t); Analog pressure gauge (Hansa Flex - 600 bar, £ 50 bar); Digital manometer
(Hansa Flex - 1000 bar, £ 1 bar); Cylindrical heating elements (alternating currents);
Temperature sensors; Heating metal blocks/surfaces. Experimental stand depicted in Figure
2.1.
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Fig.2.1. Hydraulic hot press

Additionally, the stand included plate drying stand; metal frames: metal frame without
perforations for holding biomass, and metal frame with perforations for biomass retention and
steam discharge; metal lining for steam removal; Teflon fabric.

Biomass moisture content determination

Chips delivered from forest contained varying but significant amounts of moisture. The
different amount of moisture in the wood chips was observed under different weather
conditions during chipping and delivery of logging residues. Biomass as received from
logging sites can be seen in Figure 2.2.

Fig.2.2. Biomass as received from logging site.
Therefore, first the wood chips were removed from polyethylene bags and placed indoors for
drying to an air-dry moisture content of approximately 8% to 10%. The average time for
biomass drying was one calendar week, but it depended on the initial moisture content. The
moisture content of the wood chips before and after drying was determined with a Greisinger
GMH 3830 probe by inserting it into the wood chips and reading the moisture content value
from the device interface.
Milling
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To obtain the required biomass particle size or size range, the dried wood chips were ground
using a hammer mill. The initial grinding of the chips was carried out with a two-horizontally
rotating axis chipper to grind it into smaller particles, which, if necessary, could be sieved
immediately to separate larger particle sizes or placed in a "Vibrotehnik PM-120" hammer
mill to obtain even smaller particles.

Size separation

Two methods were used to obtain the desired particle size. After the chips were crushed in the
custom-made horizontal axis chipper, the chips were placed in a "Vibrotehnik PM-120"
laboratory size hammer mill with an in-tegrated metal screen. (2) Sieving of the crushed
particles was performed using a Retsch AS-400 sieve shaker and metal sieves with different
mesh opening sizes. The separation approach allowed to assess the bark and other fine particle
im-pact on board durability. Particles fractions of < 2.8 mm, 2.8-8 mm, and 8.0-10.0 were used
to determine the fine logging residue particle impact on board mechanical properties.

Mixing

Depending on the type of adhesive used in the plate pressing experiment group, it was either
added to the biomass in the form of a ready-made powder, or the powder was first dissolved
in water to obtain the adhesive in a viscous form according to the established production
protocol, and then added to the biomass. In both variants, the binder was added to the logging
residue particles no longer than 48 h prior biomass pressing to prevent mould formation,
moisture change, and other aspects that would potentially cause unwanted additional effects
on the investigated parameters.

Board preparation

The production of boards was carried out using previously prepared logging residue biomass
with the required particle size (mm), moisture mass fraction (%). The board formation process
was carried out in the following stages:
Digital pressure gauge was turned on and reset. In case of using analogue pressure gauge, no
power-up or reset was done.
The required temperature was set using the heating element control controller.
When the temperature shown by the temperature sensors indicated that the set temperature (£
5 °C) has been reached, a metal frame was placed on the lower heating surface and the Teflon
cloth inserted into it. After that, the prepared biomass was formed into the frame by hand and a
metal screen for steam discharge, and a Teflon fabric was laid on top.
Pressing was performed by squeezing the hand pump until the required pressure was displayed
on the manometer (+10 bar for the digital manometer and £50 bar for the analog manometer).
The countdown was started, and the pressure controlled with the hand pump during pressing.
After the desired time, the pressure was released evenly by carefully turning the pressure release
valve on the hand pump.
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Finally, the produced board was removed from the press and placed in the drying rack
overnight.

Referring to the information provided in the scientific literature, the size, geometry or shape of
the wood particles and the relative position of the particles significantly affect the mechanical
strength of particle board [18]. In this group of experiments, the effect of particle size of logging
residues on the strength of the manufactured boards was tested. To determine the impact of
logging residue particles on strength, the particle size was divided into three parts: < 2.8 mm,
2.8-8 mm, and 8.0-10.0. The hot pressing pressure was chosen to be 600 bar at a temperature
of 140 °C and 160 °C.

Board testing

Density

The European standard EN 323:1996 has been developed for determining the density of wooden
boards. With reference to EN 323:1996, the density of timber boards was determined as the
ratio of the mass of each test specimen board to its volume. Both plate parameters were
determined at the same moisture content of the sample. A caliper with an accuracy of + 1 mm
was used to determine the dimensions of the plates. On the other hand, for mass determination
- laboratory scales with an accuracy of + 0.01 g were used. The width and thickness of each
logging residue plate and sheet was determined at three points - at the extreme longitudinal
edges of the plates and sheets, and at the midpoint and at its edges according to the European
Standardisation Organisations’ (1993) EN 323:1993 standard “Wood-based panels -
Determination of modulus of elasticity in bending and of bending, applicable at the European
level”.

Mechanical properties

For determining the bending strength and modulus of rupture (MoR) of wooden boards, the
standard EN 310:1993 was used. This standard defines a method for testing the modulus of
elasticity (MoE) and flexural strength of horizontally placed boards in the bending of timber
boards with a nominal thickness of > 3 mm. The modulus of elasticity and flexural strength,
also called modulus of rupture (MoR) are determined by applying a load to the centre of the
test specimen supported at two external points. The modulus of elasticity is calculated using the
slope of the linear region of the load-deflection curve. The calculated value is the apparent
modulus rather than the true modulus because the test method includes both shear and bending.
The bending strength of each sample is calculated by determining the strength of the maximum
bending load Fmax of the full cross-section of the sample until the mechanical collapse of the
sample.

To determine the strength of plates according to the EN 310:1993 standard, following steps
were taken: (1) Sawing lines of the sheets were marked on the prepared boards according to the
dimensions determined in the methodology so that the midpoint of the marked sheets was as
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close as possible to the midpoint of the board; (2) Sheets from the prepared board were cut out
using a stationary circular saw; (3) Placement of the distance of the outer support points of the
stand for determining the resistance according to the approach determined in the standard
methodology; (4) The plates were placed symmetrically on the support points of the strength
test stand; (5) The load tube on the plate was placed at its longitudinal midpoint, perpendicular
to the longitudinal direction of the sheet; (6) Predetermined load to the sheet was applied in a
certain time interval (kg/min) depending on the deformation of the sheet at the initially applied
load (Fig.2.3.)

Fig.2.3. 3-point testing stand for determination of maximum bending load.

Data analysis

In this study, two-factor analysis of variance (ANOVA) with replications was employed to
investigate the effects of two independent variables on the observed outcomes. Particle size,
temperature, and pressure were manipulated as independent variables to evaluate both their
individual impacts and potential interactions. An Analysis of Variance (ANOVA) was
performed on the dataset, which comprised a total of 102 data points. These data points were
obtained from 17 unique factor combinations, each of which was repeated six times to ensure
statistical robustness. Each of the six repetitions involved the creation of two distinct samples.
To ensure data accuracy and reliability, each of these two samples was further divided into three
equal parts. Subsequently, each of these six sub-samples underwent a destructive measuring
method to acquire individual data points. This rigorous approach allowed for a comprehensive
and replicable dataset. Measurements were made according to the previously described
methodology. Data preparation involved structuring the collected data into columns for each
combination of factor levels, with rows representing replications. This data organization
facilitated an effective assessment of the independent variables' effects. To conduct the two-
factor ANOV A Microsoft Excel’s "Data Analysis" tool was used.

ANOVA allowed for three simultaneous hypotheses testing: Hi: there is no significant
difference in 1% variable results, Ha: there is no significant difference in 2nd variable results,
and Hs: there are no significant interactions between both factors.

As the Post Hoc test T-test was chosen for the pairwise comparison of disproven null
hypothesis. Each composition and parameters were replicated at least three times and produced
boards sawn in three equal parts for MoR testing, and density calculations, resulting in at least
six repetitions. Calculated standard deviations are depicted in graphs, confidence value of
P-value of 5% was used in the analysis.
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Multi criteria decision making

Many multi-criteria decision-making (MCDM) methods have been developed to provide
decision makers with tools based on mathematical logic. Al MCDM methods have some
subjectivity aspect to them and many MCDM methods provide different results as shown by
Zlaugotne et al. [145]. Siksnelyte et al. recognized Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) method as the one having the most benefits in comparison
to PROMETHEE, PROMETHEE 1I, VIKOR, WASPAS, WASPAS-G and Fuzzy Sets.
Analytical hierarchy process (AHP) had the second-best benefit count [146]. In addition, Lee
et al. 2012 have used AHP specifically for technology transfer adoption in companies, hence
showing the compatibility of AHP to organizational decision making [147]. In this work
TOPSIS was chosen in combination with AHP. As the combination of these two methods is
helpful for evaluating how close to the ideal solution are all the alternatives, as TOPSIS method
not only elucidates the best alternative but gives the closeness to the ideal solution coefficient
[148]. Hence, by using TOPSIS more detailed picture of “How ideal all the alternatives are?”
can be acquired. To acquire weights for TOPSIS, AHP was used. AHP is one of the most widely
used multi-criteria analysis methods because it allows to easily compare criteria with each other
[142]. In this work, the Saaty's scale was used to compare the criteria, in which nine degrees of
importance were verbally denoted, indicating the importance of one criterion over another. The
scale of nine ratings starts with 1 which stands for equal importance, and ends with 9 which
stands for extreme importance [149].

Initial criteria for all the MCDM conducted in this work were identified in open interviews
with representatives of companies working in the pharmaceutical and fine chemicals and
logistics field. By allowing the representatives to answer open questions like “How is thermal
packaging chosen?”, criteria and their indicators were elucidated. In many cases it became clear
that industry is not using quantitative indicators for each criterion. For example, criterion
“sustainable” was often described as non-fossil raw material without any numerical value
assigned to the corresponding criterion. Further, literature and product data sheets were
analyzed to validate the criteria. The analyzed product data sheets were containing information
based on performance, for example, hours held in temperature below +8 °C [94], [97], [150],
indicators like thermal conductivity and density were found in scientific literature on
corresponding materials [88], [91], [95]. Therefore, some criteria e.g., forementioned
“sustainability” was assigned with values based on qualitative measures. The highest rating of
3 was assigned to materials from secondary or tertiary raw materials without any fossil-based
additives. Rating 2 was assigned to materials with more than 30% of bio-based raw material
(based on the initial interviews this number was chosen), and 1 was assigned to materials made
from fossil-based raw materials.
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Analytical hierarchy process

To determine the importance of chosen criteria, pairwise comparison was conducted. As it is
impossible for humans to grasp the reciprocal relationships of 12 criteria at the same time, the
method for pair analysis was chosen. Using this approach experts were asked to compare only
two criteria at a time, each expert did the total of 66 comparisons for thermal packaging.
Comparison was done verbally as suggested by Saaty et al. 2010 [149] by determining, is one
criteria equally important as the other, less important or more important. After verbal
comparison, numerical values were assigned to each compared pair using scale of 9. In the
chosen scale 9 was signifying very high importance, 6 - strong to very strong importance, 3 -
moderate importance and 1 - equal importance [151] and marked in the digital survey form.

Overall, 10 questionnaires were disseminated among the identified pharmaceutical and fine
chemical industry enterprises in Latvia, including big companies like Grindex and Olainfarm.
It was expected that the approached companies were heavily impacted by the global pandemic,
only five responded and three were eligible to questions as companies made their own decisions
regarding temperature sensitive product logistics. Two companies outsourced this service hence
were unsuitable for multi criteria analysis and criteria comparison, nevertheless their reported
practice will be discussed in the Results part of this study. The chosen companies assigned the
questionnaire to logistics team experts within the company. All the criteria included in the
digital survey for the comparison are compiled in Table 2.2.

TABLE 2.2. THERMAL PACKAGING CRITERIA USED FOR PAIRWISE COMPARISON

Criteria Description

Odor

Resistance to humidity

Vapor resistance, [m]

Branding opportunities

Sustainability

Ability to hold

temperature, [hours]

Thermal

[W/mK]

conductivity,

Reusability

Available in multiple

sizes

Material has no considerable scent

Material does not dissolve or get damaged to the point it loses its

thermal resistance

Sq value of thermal insulation material. Represents the resistance
to water vapor taking up certain air layer thickness [m]. Mostly

relevant for shipments with dry ice
Material can be printed on
Raw material of thermal packaging is renewable

Packaging can hold specific temperature for more than 24 hours.
Criterion represents in situ measurements of temperature in
relevant environment and packed test goods — representing goods

that would be transported

In lines with this study 0.04 W/m'K was considered the threshold
for thermal conductivity to be considered low. Thermal
conductivity characterizes the material by its ability to conduct

heat energy. Heat energy is always transferred down the gradient.

Material can be re-used multiple times

Multiple dimension options are available
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Price, [euros per 391

Per packaging solution
box]

Material can be used without supportive tertiary packaging (e.g.,

Durabilit
Y cardboard box)

Density, [kg/m®] Weight to volume ratio of packaging solution

Mathematically all the chosen criteria are plotted on a matrix and by solving the matrix,
eigenvalues were found. These values, also called eigenvectors, represent the importance of
each criteria — higher value means higher importance in the final decision. Indicative
eigenvalues were calculated in Microsoft Excel [152] and used for further analysis. Consistency
threshold of 0.2 was used, as done before [153] when multiple stakeholders were surveyed.

To evaluate the importance of each criterion, experts with experience on CLT production
were asked to rate reciprocal relations of criteria. For evaluation, experts were acquainted with
Saaty’s scale and criteria plotted in Excel to generate questionnaires for experts to fill.
Questionnaires were sent out via e-mail.

The acquired ranking was used in AHP in order to calculate the normalized eigenvectors
representing the importance of each criterion [149]. Criteria and their ranking were plotted in
Excel in a comparison matrix as shown by Delvere et al. [154]. Consistency ratio <0.2 was
determined, and the calculated weights were used for further steps.

Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS)

To compare alternatives in question, Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) was used. TOPSIS allows to compare multiple options by multiple criteria.
First stage of TOPSIS was gathering data set of indicators for each thermal packaging material.
Data were acquired from product data sheets [94], [97], [150] and patent claims. In the second
step normalization of indicators was performed. Values were weighed based on responses from
experts. In the next step normalized values were weighed, directions of vectors and their
proximity to desirable and avoidable results were calculated. The final step was to calculate the
proximity to the ideal solution represented by a value of 1 [155].

TOPSIS methodology was chosen because it requires only few indicators, while
providing comparable data to draw conclusions. For further multi-criteria analysis only criteria
with comparable numerical values were chosen, reducing the number of criteria from 12 to 5.
Chosen criteria were density, thermal conductivity, environmental sustainability, ability to hold
temperature, and price. Criteria like odour, availability in multiple dimensions were determined
as on-off type of criteria — if material would have considerable odour, it would not be used, the
same with availability in multiple dimensions — most of the companies needed the thermal
packaging to be available in at least 3 different sizes. In case when thermal packaging producer
is not offering these multiple sizes, this product would not be considered. Resistance to
humidity and vapor resistance are both important for certain kind of transportation —
transportation where there is a high humidity risk e.g. transportation with ice, and transportation
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using dry ice accordingly. Reusability and durability were excluded as expert principles for
determining material’s accordance for reuse was differing. Durability as material’s ability to be
used without supporting cardboard box was excluded from further analysis as this option was
rarely used by experts in their represented companies.

The basic assumption of TOPSIS methodology is that the most preferred solution is one
with the shortest distance to the desirable result and greatest distance from the result to be
avoided. Multiple innovative packaging materials along with conventional polystyrene were
compared regarding five criteria.

The same method — using AHP and TOPSIS combination was used in this work twice — for
abovementioned thermal insulation packaging and cross laminated timber production residue
utilization.

TOPSIS decision-making method was based on previously calculated weights for AHP, and
data collected from the literature. Four alternatives for CLT residue utilization were considered:

— MDF;

— Myecelium insulation;
— Solid fuel;

- PB.

Products were analyzed from green economy perspective, hence criteria that would represent

it was chosen. Overall, five criteria:
1. Production costs;
2. Energy consumption;
3. CO; emissions;
4. Product market price;
5. Final product to wood residues ratio were chosen.

Values for analyzed criteria were gathered from scientific literature, market data [42] and life
cycle inventories [ 148][43], [44] on the chosen products.

Production costs included energy, raw material, and labour costs to produce one metric ton of
the product. Energy consumption and CO; emissions during production process of one metric
ton of product was calculated from energy consumption and source (grid or cogeneration).
“New product to raw material” criterion represented the extra material needed for the
production of new product (one of alternatives). Ratio of new product to raw material also
represented how much of the raw material originally used for product production could be
replaced with wood resides. Product market price represents value what the consumer pays to
acquire the material from market.

Data were gathered from life cycle inventories and other works. In case of life cycle
inventories of PB and MDF data were reflected using functional unit or one square meter, hence
values were converted to tonne using material density.

For comparison, the considered alternatives and their criteria were arranged in a decision-
making matrix and the matrix data were normalized.
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where
An Explored alternatives.
Vn criteria, normalized matrix.

The obtained normalized values were multiplied by the weights obtained by AHP and the
distance of each criterion to the ideal solution was determined.

To evaluate robustness of the TOPSIS results, sensitivity analysis was conducted. To
compare sensitivity of the assigned weights (®), TOPSIS method described by Li ef al. was
used [156]. Changes in the importance of product market price was calculated by
introducing unity variation Bpm that represents the changes in product market price weight.
After changes the product market price weight (®’pm), all the other criteria weights (w)
were recalculated according to:
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where
®’pm  Product market price criteria weight after changes
®’n  Other criteria weights after changes in ®pm
vpm Initial variation, calculated according to:
= ﬂpm _ﬂpm *Op
o 1- ﬁpm *Oppy (3)
where
Bpm  Unity variation, calculated according to:
Y
:Bpm = wl””
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Life Cycle Assessment Methodology

The life cycle assessment (LCA) methodology is the most common tool used to quantify and
compare in a quantitative manner the impacts from different products or processes such as the
one under study. Every product (good or service) has a life cycle, from its design, then the
resource extraction, transporting, production or manufacturing, commercialization,
consumption or use, and final disposition. The LCA core is to collect and group the resource
consumption, emissions to the environment and environmental exchanges in all activities, that
are needed to produce a determined good, and translate them into comprehensive environmental
impact categories [53], [157].

This allow to think beyond climate change, which is usually the main parameter judged when
assessing environmental issues. The main advantage of LCA is the ability to analyse impacts
from a global perspective, avoiding “burden-shifting” [55] by allowing the assessment in many
and diverse impact categories, regularly summarized in climate change, stratospheric ozone
depletion, tropospheric ozone creation (smog), eutrophication, acidification, toxicological
stress on human health and ecosystems, resource depletion, water use, land use, noise, and
others [56].

The most used methodology for performing LCA is the LCA ISO standard 14040 and 14044
where the principles and framework for LCA are described and the requirements and guidelines
to perform the assessment presented. It is in ISO 14044, where the key four steps are defined:
goal and scope, life cycle inventory, life cycle impact assessment, and life cycle interpretation
[57]. Such steps will be covered in detail in the next section.

Goal and Scope Definition

The scope requires a clear description of the function and functional unit, system boundaries,
methodology, and data requirements to sufficiently address the stated goal. This study was done
as a comparative one where the waste treatment in the conventional scenario is assumed to be
the same as reported in [158], meaning it is assumed the CLT cuttings are used for energy
recovery, more specifically in district heating and electricity production. However, transport of
cuttings is not considered neither in this nor in the new proposed scenario, where cuttings are
re-processed in-situ to generate new CLT pieces. Thus, the scope of this study is to evaluate
only the activities related to the use given to cuttings in both scenarios despite the geographical
location with respect to the waste treatment facility.

This is an attributional model where output data from [158] is normalized to the current
scenarios considering the specific activities, material and energy flows required to conduct the
re-process of cuttings for a specific residential construction project in Latvia. Then, the results
of this study are only applicable to this scenario as foreground data was obtained directly from
construction companies and the amount of cuttings subject to waste or re-process may vary
from one project to another, as well as foreground data related to materials and energy.

For the baseline scenario, the intended waste treatment is energy recovery, and the values for
electricity, and heat generated are taken directly from Wood Based Panel Market Report [159]
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as well as the related impact from this End-of-Life (EoL) stage. Then, the impact results are
normalized to the amount of waste expected from the construction project under evaluation,
and these values are understood as the environmental impact results in the different mid-point
categories resulting from the Environmental Product Declaration (EDP) methodology. For the
proposed scenario, the same amount of cuttings resulting from the construction site, instead of
being sent to the waste treatment plant, are re-processed to create useful new CLT units, that
could be even sold to other projects or used internally within the same building site. However,
despite the re-processing activity, there are cuttings still left for waste, and it is assumed those
leftovers are disposed in the same way as in the baseline scenario.

The EDP method has been recently updated (2018) including water scarcity footprint category
based on Boulary ef al. 2016 developed method [160]. In the time from 2013 to 2018, EDP
version under which the Environmental Product Declaration was obtained for this CLT material
did not include such category, this one has been left out of this study to keep comparison
consistency. The LCA performed in this project was completed using Simapro 9.0 software
integrated with Ecoinvent 3.6 database.

Functional Unit

The functional unit (FU) is a measure of the performance of the functional outputs of the
product system and its main objective is to give a reference to which the inputs and outputs are
related. Such a reference is needed to guarantee the equivalence of LCA results. The definition
of a functional unit must then include both the quantitative and the key qualitative aspects to
prevent subjectivity when subsequently defining an equivalence. In this case, the functional
unit is one cubic meter (1 m®) of CLT material used in the construction site.

System Boundaries

Considering the Environmental Product Declaration system boundaries for the material under
study and the system boundaries considered there, the scheme presented in Fig. 4 has been
developed for this LCA.
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Fig. 2.4. System boundaries for the business as usual and proposed scenarios. Business as
usual scenario describes incineration of CLT cuttings, Proposed scenario describes larger

CLT cutting reprocessing into new full size panels.

The system boundaries in the baseline scenario only covers the waste treatment of cuttings
generated in the construction site without bearing in mind transport to waste treatment plant
since the distance is considered an uncertainty due to variability of possible geographical
locations of building sites. Phases A1-B7 are displayed in the figure 2.4. to provide the context
of the system, nevertheless only phases inside the dashed box are the ones within the study’s
system boundaries. Extra phases are only informative to show the overall life cycle of CLT.

For the proposed scenario, the re-process activity is carried out in-situ, without any need for
transport to another location. The remaining cuttings not fitted to be re-processed are disposed
using the same treatment technology considered for the baseline scenario, and again, the
transport to the waste treatment facility is not considered due to distance uncertainty.

Limitations and Assumptions

Among the limitations that apply for the two scenarios under comparison, the exclusion of
transport activities is the main one due to the uncertainty on both: the geographical location of
the waste treatment facility and the construction site as it varies depending on the project.
However, it is important to notice, that transporting wastes does come with an environmental
burden from the vehicle itself and the fuel combustion, moreover, the higher the amount of
waste to be transported, the higher the environmental impact will be; hence it is likely that by
reducing the amount of waste subject to transported, an additional environmental benefit might
be perceived despite not been accounted for in this study.
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Another assumption to bear in mind is the fact of the re-process being carried out in the same
location as the construction of the residential houses is taking place. This is important since it
might be possible, under different case studies, that cuttings leftover after construction need to
be sent to another location for re-processing and then dispatched back to the same location or
sold to another construction project in a different one. For this cases study, since the re-
processing activities are conducted in the same place, no additional environmental toll from
transport is created.

Life Cycle Inventory

For the baseline scenario, the results from the energy recovery at the end of life (EoL) stage
in [58] were taken directly for 1 m® and normalized to the amount of waste generated in the
particular construction site. According to the foreground data collected, per each cubic meter
of CLT used, 0.128 m® ends up as waste cuttings. The benefits resulting from the energy
recovery of 1 m® are estimated in 612 MJ of electricity and 4208 MJ of thermal energy for
district heating. Their associated environmental impact is shown in Table 2.3 for a cubic meter
of material disposed. Nevertheless, the values within the model are normalized to the actual
amount of cuttings sent to waste in each scenario. For this scenario, cuttings are used for energy
regeneration, thereby avoiding consumption of energy from the grid. This leads to positive
environmental impacts represented as negative values in all Impact categories. Miniscule
impact is associated only with Depletion potential of the stratospheric ozone layer.

Table 2.3. Impact Assessment for 1 m® of CLT Disposed

Impact category Unit Total per m?
Acidification Potential kg SOz eq —-0.1786
Eutrophication Potential kg POs eq —0.04186
Global Warming Potential kg CO2 eq -32.510
Formation potential of tropospheric photochemical oxidants kg C2Haeq —0.01664
Abiotic depletion potential for non-fossil resources kg Sb eq —-0.000112
Abiotic depletion potential for fossil resources MJ -0.04217
Depletion potential of the stratospheric ozone layer kg CFC-11 eq 0.000004012

For the proposed scenario where re-process activities allow to recover part of the cuttings by

making new CLT units, the inventory collection goes toward gathering impacts from 3 stages:
1. Production of brand new CLT units;
2. Materials and energy required for the re-process activity itself;
3. The waste treatment of the unrecoverable cuttings.

Since by creating new CLT units from cuttings, brand new CLT units are potentially replaced
in a construction site, the impact of such new re-processed CLT units are considered as an
avoided product, hence the environmental impact results from phases A1-A3 (Fig. 1) are
normalized and mathematically treated consequently with this approach. Impacts of stages Al—
A3 for 1 m® are shown in Table 2.4.
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Table 2.4. Impact Assessment of Producing 1 m* of CLT (A1-A3 Stages).

Impact category Unit Total
Acidification Potential kg SO, eq 0.6272
Eutrophication Potential kg PO, eq 0.1116
Global Warming Potential kg CO, eq —0.05673
Formation potential of tropospheric photochemical oxidants kg C,Hy eq 0.1144
Abiotic depletion potential for non-fossil resources kg Sbeq 0.0002468
Abiotic depletion potential for fossil resources MJ 1497
Depletion potential of the stratospheric ozone layer kg CFC-11 eq 0.0000125

The inventory of material and energy required for re-processing 0.128 m® of leftover cuttings
(value per FU), are normalized to the following: 0.0904 kg of adhesive (polyurethane adhesive)
and 0.466 kWh of electricity taken from the national grid. According to the foreground data
obtained, 69.72 % of the cuttings re-processed are successfully converted into new CLT

modules while the remaining 30.28 % are not suitable for re-process and must be left as waste

material for treatment. The impact related to such treatment is taken from Table 2.3. and

normalized to the corresponding value in this scenario.

Assumptions for LCA: Scenario of Individual House Project

To illustrate the amount of available CLT for reprocessing, individual house project (Fig. 2.5.)

was chosen. Load bearing structure is entirely created from CLT. Doors and windows are cut

out creating a considerable amount of cutting waste.

Fig. 2.5. 3D representation of individual house CLT weight bearing construction.

Not all the cuttings were suitable for new master panel production. Important criterion for

cutting reuse was their flat surface area. Complicated geometrical shapes were sorted out,

leaving the ones with reusable surface area above 1 m? with dimensions along X axis (example

shown in Fig. 2.6.) not less than 800 mm.
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Fig. 2.6. (A) Reusable area of cutting represented with striped pattern. Width of the reusable

area is 810 mm and length 1056 mm; (B) schematic representation.

In the chosen scenario for each house eight of the irregular cuttings were suitable for

reprocessing into new master panels. To ensure efficient reprocessing, firstly the cuttings were

calibrated to adjust the width (X axis) so they could be adhered together and pressed

perpendicular to Z axis, cut to desired master panel length of 3 m and after that gluing and

pressing could be continued perpendicular the X axis (Fig. 2.6.(B)). In this manner around 70

% of the cuttings can be reprocessed into new 3x6 m CLT panels. All the CLT cuttings from

chosen individual house project and their dimensions are represented in Table 2.5. As can be

seen in the Table 2.5., there are three types of CLT panels used — 80 mm, 120 mm and 150 mm.

By evaluating scenario of cutting re-processing from 10 individual houses, we are generating

scenario where cuttings can be re-processed straight away, otherwise panels with 120 mm and

150 mm thickness will need to be stored to accumulate adequate quantity for reprocessing.
Table 2.5. CLT Cutting Origins and Dimensions.

Thickness Cutting dimensions Dimensions after squaring
Origin

mm Width, mm  Length, mm Width, mm Length, mm
Door 80 1525 2400 1525 2200
Door 80 1525 2400 1525 2200
Door 80 1525 2400 1525 2200
Door 80 1525 2400 1525 2200
Door 80 1237 2420 1025 2220
Door 80 1025 2400 1025 2200
Window 80 825 1425 810 1025
Window 80 825 1425 810 1025
Door 80 817 2400 810 2200
Door 80 825 2400 810 2200
Door 80 810 2220 810 2020
Door 80 810 2220 810 2020
Geometrical cutting 80 irregular irregular 810 1526
Geometrical cutting 80 irregular irregular 810 1478
Geometrical cutting 80 irregular irregular 810 1056
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Geometrical cutting 80 irregular irregular 810 1016

Geometrical cutting 80 irregular irregular 810 921
Geometrical cutting 80 irregular irregular 810 1396
Geometrical cutting 80 irregular irregular 810 866
Geometrical cutting 80 irregular irregular 810 848
Window 80 1625 1625 1625 1225
Window 120 840 1520 840 1120
Floor slab 150 2420 3380 2420 2980

To continue with LCA, calculations based on acquired data were conducted. As a result, 18
(29.7 m®) pieces of re-processed master panels (3x6 m) were produced and additional 6.23 m®
incomplete panels with 3 m by length that could be further used for new master panel
production.

To propose meaningful points of innovation that would stimulate the development of
bioeconomy, theory-based analysis was used. Often this approach is used in social sciences,
White (2009) described it for project evaluation and result improvements. Theory-based
analysis for impact evaluation consists of six consecutive steps: (1) Mapping out the causal
chain (programme theory) (2) Understanding the context (3) Anticipating heterogeneity (4)
Rigorous evaluation of impact using a credible counterfactual (5) Rigorous factual analysis (6)
Using mixed methods [161]. Methods used specifically for theory-based analysis to understand
the most valuable conifer value chain impacts on bioeconomy are described further.

Delphi method

Despite the clear definition of raw material, it is still unknown how to stimulate the development
of bioeconomy, as the intertwining factors impacting it have not clearly been identified.
Nevertheless, the field has been developing in multiple sub-areas e.g. agriculture, and forestry.
In addition, these sub-areas in many cases are conflicting amongst each other — food vs. fiber
vs. energy /162]. In order to understand the context and map out the causal loops (chain), work
by Muizniece et al. was used as a basis for 24 factor /102] evaluation and mapping using Delphi
methodology. The Delphi method was used to gather expert opinions on the 24 factors relevant
to the development of bioeconomy. The Delphi method is a structured process for collecting
and distilling expert opinions on a specific topic or problem. In this study, the Delphi method
involved two times on two expert groups — (1) academic, and (2) industry experts. Work with
industry experts was specifically focused on mapping the causal chain of bioresource utilization
(bioresource nexus). For the academic experts iterative rounds of anonymous questionnaires
were sent out. Participants were asked to provide their opinions on interactions between
multiple factors (e.g., Bioresources, Technology, Pollution, and the rest from Muizniece et al.
work [102]) or questions related to bioeconomy in general. The expert panel for the Delphi
method was selected based on their scientific work on the Bioeconomy field. The expert panel
consisted of 13 experts from leading Latvia’s universities in Bioeconomy fields representing a
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range of perspectives — biotechnologies, industrial symbiosis, policy, energy etc. The surveys
or questionnaires used in the Delphi method were developed based on a review of the relevant
literature and input from the research team.

Thematic analysis was conducted of the Delphi expert questionnaires. The goal of thematic
analysis was to identify patterns and organize the factors in coherent causal loops accordingly.
Thematic analysis was conducted in an iterative manner, common patterns within the expert
responses were elucidated, refined as new data were collected. The results of the Delphi method
were then used to inform the selection of a relevant theoretical framework for theory-based
analysis, and nexus building of factors impacting bioeconomy development.

The use of the Delphi method in this study has several strengths, including gaining Latvia
specific insights and indicators based on statistics and literature. However, it is important to
note that the Delphi method also has limitations, especially expert biases. To address these
limitations, experts with diverse academic backgrounds were chosen.

The second expert group for the Delphi method was focused on industry experts. As it is less
reliable that experts from industry would clearly understand the factors in question unanimously
equally, questionnaire approach was replaced by interview method described further.

Interviews

To evaluate the causal chain around bioresources, as well as explore the possibility of other
factors impacting the proposed indicators and links in the academic expert surveying,
qualitative interviews with managers from involved enterprises were conducted. The interview
format was semi-structured, as this type of interview lets the interviewer to ask open questions
and gives the possibility to go deeper into various aspects of the revealed facts [163]. Semi-
structured interviews have been already used in bioeconomy research [164], [165]. During the
interviews, the overall attitude and motivation regarding bioresource, by-product and waste
utilization was determined. Efficiency of by-product utilization was determined by collecting
data from enterprises, including real consumption of raw materials as well as the produced bio-
waste and by-products. Technical directors of three enterprises using the same bioresource as
raw material were interviewed. Due to sensitive information interviewees were providing,
interviews were not recorded, instead the interviewer produced comprehensive notes on the
acquired information.

Algorithmic logic for Nexus building

Bioresource nexus was created by analysing the information acquired in the interviews and
validated with literature analysis and by-product data from the enterprises in question.
Qualitative and quantitative data were collected from interviews. The overall algorithm for
building of bioresource nexus is shown in Figure 2.7. Following the algorithm, two interviews
were conducted, then as the second interview elucidated new factors, a third interview was
conducted. The created algorithm demands to continue interviews until there are no new factors.
In this specific case study, three interviews were sufficient, and results published. Additional
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interviews afterwards have confirmed no new factors. Steps two and three represent the
minimum interviews necessary to gain an overall idea of the factors impacting the specific
subject. As during second interview some new factors were identified, third interview was
conducted to see if more factors would be identified. If there are no new factors the algorithm
continues. The research was divided in smaller modules for a structured approach. While
picking enterprises for this research, various production companies using the same type of
biomass as a raw material were considered. An important factor in choosing the enterprises was
their willingness to participate.

DATA GATHERING
Nexus draft from Gather bioresource
identified factors [~ flow and volume
4, data 5.

Select enterprise Conduct interview Analyze bioresource —|
using biomass raw with production flow and volume = =
material 3 manager 2, data 6

'

NO | Conductinterview

with another
production s bioresource Adjust the
manager from flow supporting nexus g,
different 3, nexus?
enterprise INO)

s literature Final

. Analyze avgllable analysis supporting bioresource
literature on discovered proposed

factors 7.

nexus 9.

nexus?

Fig.2.7. Algorithm for bioresource nexus building.
The methodology depicted in Figure 2 can be applied for evaluation and building of various
nexus using a bottom-up approach. In this study the bottom-up approach allows to analyse
factors for organic by-product flow back into bioeconomy through bioresource. Nexus provides
information on factors impacting the system, but additional by-product data analysis provided
information on effectiveness of this by-product — bioresource flow.

Bioresource utilization index

Bioeconomy development impacting factor causal chain was supplemented with more
detailed bioresource utilization causal chain. In lines, with the theory-based analysis
heterogeneity of impact must be expected. Meaning — all actions on the same objects in causal
loops will not lead to equal results. In order to measure the impacts on bioeconomy for
internally made decisions regarding bioresource flow in enterprise, bioresource utilization
index was developed.

The calculations were made using biomass dry weight. If there were no available data on the
actual dry weight of the by-product, estimations were made by using values found in literature.
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The main categories analysed were production residues, damaged raw material, raw material
that does not meet production standards, products that do not meet the market standards, other
production leftovers, dissolved, and undissolved carbohydrates. As company managers
disagreed to more detailed information disclosure, the raw material, product, or production
technology could not be described in this work.

Bioresource flow in an enterprise was evaluated by comparison with waste management
hierarchy [166] and bio-based value pyramid [108] shown in Figure 2.8. with the chosen
coefficients from 0 representing no value and 1 representing the highest possible added-value
to bio-based material. The bio-based value is assigned to the raw material or the by-product
when it is used for the corresponding application in the bio-based pyramid.

. Pharmaceuticals
and Fine chemicals

Food and Feed

. Bioplastics and
Polymers

Bulk chemicals and
.
Biofuels

. Solid fuels (direct
burning)

Fig.2.8. Bio-based value pyramid. Five bioresource utilization
options by categories and assigned coefficients corresponding to
each group of bioresources [108] BBV — bio-based value and the
corresponding coefficient, 1 representing the greatest value and 0
representing no value from the point of bioeconomy.

Each level in the bio-based value pyramid (Fig.2.8.) was given a corresponding coefficient
representing the value for bioresource utilization — coefficient of 1 was attributed to PFCs,
coefficient of 0.75 to Food and Feed, 0.5 to Bioplastics and Polymers, 0.25 to Bulk chemicals
and Biogas, but Energy, Heat and Fuels were assigned the value of 0. The bioresource
utilization index provides insight into production efficiency regardless of the product type,
hence no value is assigned to the product. The calculations were conducted with various
generated by-product utilization options and attributing corresponding coefficients from the
previously described bio-based value pyramid.

By, , =P+ BPyXcl+BP,Xc2+ BP;xc3+ BP,Xc4+ BP;Xc5)/RM (5)

Bu,,, — Bioresource utilization index;
P — product [kg of dry weight];
BP, — by-product [kg of dry weight];
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cn — coefficient assigned to bio-based value pyramid;
RM —used raw material [kg of dry weight].

Carbon accounting in wood-based products

To produce fibreboard insulation panels, wood fibres of strong and uniform quality must
be obtained. Although MDF and other fibreboard producers traditionally use roundwood as
a raw feedstock, novel methods of cleaning and sorting waste wood or production residues
from other woodworking industries have enabled alternative sources of wood materials on
dedicated production lines [99]. A 2013 study about the chase characteristics of wood chips
produced from logging residues concluded that wood chips produced from logging residues
have a moisture content of 50 % and are suitable for use in small and medium size boilers
[167]. Tt is assumed that the wood chips obtained from logging residue feedstock will be of
sufficient quality to produce fibreboard panels.

The material balance of the new fibreboard insulation panel is shown in Table 2.6.
Material density was assumed maximum for rigid board production from the BAT
Reference Document for Wood-based Panels [99]. Material balance was chosen based on
fibreboard and insulation board data from the Forest Product Conversion Factors document
[168], assuming an increased bark and decreased wood content. The weight content of bark,
binders and fillers, moisture, and wood in one cubic meter of the finished insulation panel
were calculated based on the chosen material density and material balance.

For the new fibreboard insulation material manufacturing process, the standard dry
manufacturing process was chosen from the BAT Reference Document for the Production
of Wood-based Panels [99].

Table 2.6. Fibreboard insulation material balance

Content, kg/m* Balance, % Source

Density 220 100 [99]
Bark 6.6 3

Binders 11 5

and

fillers [168]
Moisture 13.2 6

Wood 189.2 86

It is assumed that the new plant would produce 300 000 m® of fibreboard insulation
material annually, based on average plant capacities in the industry [99]. To calculate the
specific amounts of heat and electric energy needed to produce one cubic meter of the
material, existing insulation material manufacturing plant data was used. Assuming that an
existing plant has an electrical capacity of 5 MW and a heat capacity of 10 MW [169] and
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operates for 8000 hours annually, the manufacturing plant would require 0.13 MWh of
electricity and 0.26 MWh of thermal energy to produce one cubic meter of fibreboard
insulation material. Energy consumption for the most energy-intensive manufacturing
processes is shown in Table 2.7. The drying of the wood fibres consumes the most energy,
mainly in the form of thermal energy, as the fibres need to be dried from a moisture content
nearing 100 % to 5 % (moisture calculated as difference between original weight and oven
dry weight divided by oven dry weight)[18]. The dryers also need to be ventilated, using
mechanical ventilators that consume electricity. The second most energy-intensive process
is refining the fibres, which requires powerful motors that consume the most electricity.
Thermal energy is also needed for refining to supply hot steam for cooking and washing
wood chips. The pressing of the fibreboard mat requires thermal energy in the form of steam
and electricity for the press rollers; however, for the production of rigid board insulation,
the energy consumption is minimised, as the temperature required is relatively low. Lastly,
all other processes requiring electricity are grouped, such as chipping, sawing and profiling
[99].
Table 2.7. Energy consumption for production calculated from [99], and [169]

Manufacturing Electricity, Thermal energy,
process MWh/m? MWh/m?

Drying 0.03 0.16

Refining 0.08 0.08

Pressing 0.01 0.02

Chipping, sawing, 0.01 -

profiling

Total 0.13 0.26

To calculate the possible amount of CO; stored in the material, eight different standards
for biogenic carbon accounting in products were reviewed. Many of the reviewed standards
were based on various standards for Life Cycle Analysis (LCA). Still, in this case, only
standards relevant to forest-based building materials and biogenic carbon were used. The
standards used can be grouped into those that deal only with building materials (ISO-21930,
EN-15804, CEN/TR-16970, EN-16485) and those which cover all products (PAS-2050,
ISO/TS-14067, PEF). The standards can also be distinguished by geographical coverage, as
some are international standards (ISO-21930, PAS-2050, ISO/TS-14067), and others are
specific to Europe (EN-15804, CEN/TR-16970, EN-16485, PEF) and have stronger links to
government regulation [170], [171]. As there currently exists no scientific consensus on
which standard and method are the most appropriate for use, an average value derived from
all standards was proposed.

The initial calculation for CO; stored in the material calculated as follows:

msqC0O, = Mgy, (timber) X Cr X m:liz , (6)
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where

msqco, mass of CO2 sequestered, kgCOz;

Mmary(timber) dry weight of timber in the finished product, kg;

Cr percentage of carbon in dry matter (for timber = 0.5);
mco, molecular mass of CO2 =44 g/mol;

me molecular mass of carbon = 12 g/mol.

By substituting the masses of carbon and CO», Eq. (6) becomes:
msqC0, = mg,, (timber) X 0.5 X %, (7

where msqCO: is the mass of CO; sequestered in the finished product and man (timber) is
the dry weight of timber in the finished product.

Only the CO: sequestered from the wood and bark content for the new product is
calculated. The carbon content for bark is assumed to be the same as wood (50 %).

To maximise the CO; storage potential of the new fibreboard insulation material, the
energy production sources for the manufacturing process need to be reviewed and analysed,
as energy production is the single most significant source of emissions and can potentially
offset the avoided CO; stored in the product material. Indeed, producing heat and power
from the most environmentally friendly renewable sources would be the best way to
minimise emissions from manufacturing. However, this may not always be the most
technologically and economically viable option. Thus, energy production for product
manufacturing needs to be assessed from an environmental point of view while considering
the technological and economic aspects. Three energy production scenarios were evaluated
based on the proposed manufacturing plant capacity of 5 MW electrical capacity and 10
MW heat capacity [170], current trends in the sector and possible future technologies.
Technological, economic and environmental data for the three proposed scenarios are
shown in Table 2.8. The capacities of the energy production plants were chosen according
to the required minimum heat capacity of the manufacturing plant of 10 MW, as all the
process heat needs to be produced on-site to meet heat and steam requirements. The
electrical power of the energy production plant can be lower than the electrical demand of
the manufacturing plant, as electricity can also be supplied from the grid. The first proposed
scenario is to produce heat and power with a biomass combined heat and power (CHP)
plant, which would use wood chips as fuel. The chosen CHP technology is a wood chip
boiler combined with a steam turbine. The second proposed scenario is a natural gas CHP
plant with a gas turbine technology well suited for industrial processes. The third proposed
scenario is a wood biomass combustion plant (CP) producing only thermal energy, using
wood chips as fuel, combined with Solar Photo-voltaic (PV) panels for electricity
production.
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To evaluate environmental impacts, five different emission values were considered for
each scenario: NOx (nitrogen oxides), CO (carbon monoxide), VOC (volatile organic
compounds), PM (particulate matter) and CO: (carbon dioxide).

Table 2.8. Technological, economic and environmental parameters of proposed energy
production scenarios

Parameter Wood Natural Wood Sources

biomass gas CHP  biomass

CHP CP + PV

panels
Electrical capacity, MWe 5 7.5 4 [172] [173]
[174]

Thermal capacity, MWth 12 10.7 12 [172], [173]
Electrical efficiency, % 25 29.2 - [173], [175]
Thermal efficiency, % 60 41.4 85 [173], [175]
Total efficiency, % 85 70.6 85 [173], [175]
Capital costs, EUR/kW* 3310 1510 965" [176]
O&M costs, Ycarex 2 2.5 2° [176]
Fuel cost, EUR/MWh 25 81.2 25 [177],[178]
NOx emissions, gMWh® 29 27 9.1 [173],[179]
CO emissions, g/MWh* 8 315 2.5 [173],[179]
VOC emissions, gMWh® 0 27 0 [173], [179]
PM emissions, g/MWh® 44 0 13.6 [173],[179]
CO; emissions, kg/MWh? 0 202 0 [180]

* Based on the electrical capacity for CHP and thermal capacity for CP
® Does not include the cost of PV panels

¢ Applies to electricity produced for CHP and thermal energy for CP

4 Applies to both electrical and thermal energy produced

The capital costs of the standalone biomass combustion plant are assumed to be 30 %
lower than the costs of the same thermal capacity CHP plant. Still, they are recalculated
according to the thermal capacity of the combustion plant. Similarly, emission levels for
the standalone biomass combustion plant are assumed to be the same as for the biomass
CHP plant. Still, they are recalculated for a total thermal efficiency of 85 % instead of 60
% and apply only to the thermal energy produced.

The capital costs and O&M costs for the Solar PV panels are chosen according to the peak
capacity of Solar PV panel installation. A Solar PV panel installation with an electrical
capacity of 4 MWe is assumed to have a peak capacity of 5.4 MWp. The capital costs for
an installation of this size are 510 EUR/kWp, and O&M costs 6.5 EUR/kWp [174].
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A multicriteria analysis using the Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) was conducted. The criteria chosen for the analysis are shown in
Table 2.9. The values of the criteria were calculated using data from Table 2.8. and applied
to the manufacturing plant’s selected electrical and thermal energy demand parameters, with

3 of fibreboard insulation material.

the annual plant production capacity of 300 000 m
The criteria values were calculated relative to one cubic meter of the finished product.

To perform the multicriteria analysis, the criteria weights need to be determined. The
criteria weights were determined using the Analytical Hierarchy Process (AHP) method.

Table 2.9. Chosen criteria for the multicriteria analysis

Technological Economic Environmental criteria
criteria criteria
Fuel energy Capital  costs, NOx emissions, g/m’

content, GJ/m’ EUR/m’

Fuel costs, CO emissions, g/m’
EUR/m’

O&M costs, VOC emissions, g/m3
EUR/m’

Bought/sold PM emissions, g/m’
electricity, CO; emissions, kg/m®
EUR/m’

With the obtained criteria weights, the results of the multicriteria analysis were calculated.
The result is shown as a relative closeness coefficient to the ideal solution. The results can
have a value ranging from 0 to 1, with the ideal solution being a value of 1. The closer the
coefficient of a proposed alternative is to the maximum value of 1, the closer it is to the
ideal solution.

System Dynamics Modelling

Important benefit of Bioeconomy is to be considered neutral or even negative carbon
emissions. While considering the development of bioeconomy, this needs to be part of the
evaluation. Therefore, when considering the Bioeconomy development in Forestry, the factors
need to be evaluated over long period of time. System Dynamics modelling uses stocks and
flows as a basis to describe the state and events of various systems. In this work system
dynamics modeling was used to illustrate the carbon flow in wood-based value chain.

System dynamics uses integral calculus to determine the volume of stocks, in this work the
main stock is determined as carbon (C). This does not show the direct impact on global warming
as carbon has multiple forms e.g., CO, CO2, CHs that each impact global warming differently.
System dynamics approach demands the definition of dynamic hypothesis, in this case the
dynamic hypothesis was defined as follows: Complete utilization of logging and production
residues in conifer value chain can lead to delay of carbon release into atmosphere.
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System Dynamics Model building

The dynamic hypothesis is a theory about what structure exists that runs the system. A
dynamics hypothesis can be stated verbally, as a causal loop diagram, or as a stock and flow
diagram.

In the case of this research, causal loop of carbon flow in nature was defined. Further the
dynamic hypothesis was supplemented with Bern’s model of carbon sequestration involving

/ \_l_
)

human activity (Fig.2.9.).

Carbon Conventional conifer
emissions - products
N \7{/
oy

Fossil
resource  +
consumption

Fig.2.9. Causal loops of carbon in the conifer value chain.
Defined dynamic hypothesis is based on the common assumption that wood products are
carbon neutral as they balance the carbon in atmosphere by sequestering it during the tree
growth phase. Nevertheless, the hypothesis states that there is an unintended effect of fossil
resource consumption increase during the whole wood value chain. When more products
are produced, more fossil resources are consumed — fossil-based adhesives, additives, fuel,
and fossil energy used during the production process.
The model was built according to the identified causal loops and expanded based on the
market, and scientific literature analysis. Stocks represented carbon, thereby multiple
calculations in the model are made to convert CO2 emissions, product densities, biomass
densities etc. to tonnes of carbon. Density of the wood was assumed to be 420 kg/m® based
on the 2006 IPCC Guidelines for National Greenhouse Gas Inventories Volume 4
Agriculture, Forestry and Other Land Use [181].
Only National market was considered, therefore imports and exports were not taken into
account although including trade with external markets would show additional valuable
dynamics.
Atmospheric carbon was defined as 0 at the starting point of the simulation in order to assess
the impact of explored scenarios. Atmospheric carbon stock and corresponding carbon
flows are depicted in Figure 2.10.
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Fig.2.10. Atmospheric carbon stock and corresponding carbon flows: one outflow and
three inflows.

Model was divided into three sectors — Forest, Product production, and Atmosphere. Forest
sector was divided into tree stocks assigning a biomass stock for each age decade starting
from 0 to 10 and ending with 151-160 years and lastly, trees older than 160 years. This was
due to multiple reasons, firstly due to carbon assimilation dynamics /782] and secondly to
match the available statistical data//83/ to use biomass as means of model validation. For
the purpose of illustrating the system dynamics approach for carbon accounting and
planning, only data regarding Scots pine forests managed by National State forests were
used.

Model was supplemented with data from multiple sources — Central Statistical Bureau of
Latvia[184], United Nations Statistics Division of the Food and Agriculture Organization, and
empirical data from peer reviewed literature [168], [182], [183], [185], [186].

3 RESULTS AND DISCUSSION

Chipboard from conifer logging residues and bio-based binders

Thorough literature review elucidated multiple promising bio-based adhesives, multiple of
whom could be acquired from various biological production residues. Adhesives and their
biological sources are compiled in Table 3.1.

Table 3.1. Biobased adhesives and their uses from scientific literature
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Biological Polymer Primary
ogl¢ Compound formation raw Uses References
source . .
reaction material*®
Penicilli Anhydr Wood
em,a e .n.y (,)us Polycondensation Yes 00 ) [187], [188]
oxalicum  citric acid composites
Shri d . .
PP ARG Cpitosan ) Medicine, wood
other Polycondensation No . [18971,[190][46]
(Carbohydrate) composites
crustaceans
Vibrio E | h Research, low
xopolysaccha ..
parahaemol . d POy Polyaddition No technology [191]
rides
yticus readiness
Flowering Latex .. Wood
Polymerization Yes . [192]-[195]
plants (Isopropene) composites
Wood Lignin . . Wood 4
(Aromatic Polycondensation No composites, [196], [197]
polymer) foams
Wood
Yes . [361,[198], [199]
O]eaginous . composite, foam
Polyols Polyaddition
plants Wood
No . [198],[200]
composites
Wheat Protein Polycondensation Yes Paper [201],[202]
Wood
Fish Protein Polycondensation No 00 . [203]
composites
Protein,
bohydrat
Rapeseed catdottyarates, ) .
X and other Polycondensation No Wood composites [204]
cake
residues  after
oil press
Potat Starch Polycondensation Y Packagi (205 [207]
otatoes olycondensation Yes ackagin -
(Carbohydrate) Y gine
Tannin . Wood
Tree bark Polycondensation No . [208], [209]
(Polyphenol) composites
Tree bar Wood
¢ k Polycondensation No 00 . (197, 210,
cork composites [211]
Suberin Research, low
Potato .
Polycondensation No technology [187]
tubers .
readiness
FI i Tanni Wood
owering - anni Polyaddition Yes 00 . [23],[38]
plants (Polyphenol) composites
Wood Hemicellulose Pol densati No Wood 197, 212]
olycondensation . ,
(Carbohydrate) Y composites




Polymer Primary

Biological Compound formation raw Uses References
source . .
reaction material®
Vanillin . High temperature
Polycondensation No g. P [213]
(Phenol) environment
Vanill, Vanilli . High t t
am. “ antfin Polycondensation Yes 1g. emperature [213],[214]
planifola  (Phenol) environment
Casei L. .
Bovine milk aselr} Polymerization Yes Composites [215]
(protein)
Saccharom .
Casein L .
yces . Polymerization Yes Composites [216]
.. (protein)
cerevisiae

* Biological source marked as “No” is classified as secondary or tertiary raw material.

Based on the literature review, most of the bio-based adhesives are plant-based, and more
than half of the plant based raw materials are secondary bioresources (Fig.3.1.).

= Plant based primary raw

material

= Plant based secondary raw 10%
material

= Animal based primary raw ;
material

Animal based secondary
raw material

= Microorganism sourced raw

material

Fig.3.1. Biological source of bio-based adhesives

Chipboard from conifer logging residues

Analyzing the strength results of the boards whose wood particles were obtained using the two-
horizontally rotating axis chipper, no strong relationship between the particle size and the
obtained strength result was observed.

Pressure and temperature range was chosen from literature and initial tests narrowed down the
temperature and pressure to working range producing valid boards after qualitative assessment.
Boards produced by applying extreme variable values were burnt, crumbled or produced
cavities. Some examples are depicted in Figure 3.2.
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Fig. 3.2. Boards produced under extreme independent variable values.
For the further tests 140°C and 160°C temperatures, 390, 590, 600, and 660 bar pressure were
chosen, additionally, the impact of particle size was evaluated using multiple range particle size
up to 10.0 mm separated as described in methodology section.

ANOVA results showed that there were no significant impacts of temperature range to material
durability, but particle size and the way particles were acquired showed significant impact on
results.

Initial durability results for three particle size boards are depicted in Figure 3.3. The highest
strength was obtained for plates with a particle size of <2.8 mm, and the highest inconsistency
was detected under high pressure board preparation for medium particle size boards. Boards
prepared from the 8.0-10.0 size fraction was generally less durable than the rest, but as seen
from the statistical analysis the difference between MoR of 2.8-8.0 and 8.0-10.0 particle size
boards in 660 bar pressure was not significant (P=0.27).

1000
900
800
700
600
500 i
400
300

200 ®
100

Average MoE, N/cm?

350 450 550 650
Pressure, bar
0<28 ©28-80 ©8.0-10.0

Fig.3.3. Modulus of elasticity depending on pressure for and particle size : <2.8 mm particle
size boards; 2.8-8.0 mm particle size boards; 10.0 mm particle size boards. MoE — Modulus
of Elasticity

T-test showed that there was no significant impact of the chosen pressure extremes (390 bar
and 660 bar) to board durability (p=0.43) for the <2.8 mm particle boards, the boards produced
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by applying 590 bar pressure showed significantly higher durability compared to 390 bar
(P=0.002) and 660 bar (P=0.01) pressures.

For the further tests 600 bar setting was chosen. According to biomass tests conducted in
external laboratory, some supplied biomass had a high sand content in the ash (ashing at 550 °C)
showing up to 26% and around 2% sand content in the raw biomass. Therefore, further tests
were done by using the hammer mill approach by milling the previously chipped and sifted
>1mm fractions. Larger particles were combined to prepare boards in the range of 2.8 mm to
10 mm particle size as initial tests did not show significant difference between these two
fractions in the chosen pressure range. Boards were prepared using 140 °C and 160 °C
temperature regimes to assess temperature and particle size impacts on board mechanical
properties. Initial tests for temperatures were done prior to this study, elucidating the 140 °C
and 160 °C temperature range as the most suitable for further testing, as lower range
temperatures produced boards that were not truly bonded and higher temperatures produced
burnt boards. Results from 140 °C and 160 °C temperature tests are depicted in Figure 3.4.

1100

1000

Average MoE, N/cm?
19, ~ [0 [(e)
o o o o
o o o o

D
o
o
—— b —

400

300
130 140 150 160 170

Temperature, °C

Fig.3.4. Modulus of elasticity of <2.8 mm particle size boards (blue), and for 2.8-10.0 particle

size boards (orange) depending on hot press temperature
The results from combining 2.8-8.0 and 8.0-10.0 fractions showed a great increase in board
durability, showing better results than prior. Nevertheless, smaller fraction boards showed
decrease in durability, this might be explained by bark removal from the biomass. By separating
sand from the biomass, other smaller particles got removed from the raw material — including
finer bark and needle particles. To explain such change, temperatures were further tested by
combining the hammer milled biomass with chipped and sieved particles. Results depicted in
Figure 3.5. show that although the larger particle size boards show roughly the same results as
the standard deviations overlie in the same areas on the graph, smaller particle size boards show
increased results, with one outlier even reaching the minimum MoR threshold determined by
European standard for wood chip materials EN 312-2:1997. Additionally, the calculated
standard deviations are quite large, this might be caused due to particle separation methodology
used in this work.

57



1300
1200
1100

=
o
o
o

900

700
600
500

Average MoE, N/cm?
[0}
o
o

300
130

140

150
Temperature, °C

®<2.8 ©28-10.0

160

170

Figure 3.5. Modulus of elasticity of <2.8 mm particle size boards (blue), and for 2.8-10.0
particle size boards (orange) depending on hot press temperature for combined particles.

Smaller particles pressed together makes the final product more dense loosing the desirability

of such woodchip boards. Nevertheless, there was no corelation of overall density increase and

increased durability when boards from all particle sizes were compared. Density and

mechanical durability of prepared samples are depicted in Table 3.2.

Table 3.2. Overview of the durability and density of produced chipboard from logging residues

samples.
Pressure, bar Temperature, °C  Particle size, mm  MoE, N/em®*  Density, kg/m’
HC!
390 140 <2.8 480 +74 7750
590 140 <2.8 747 £127 872 £52
660 140 <2.8 536 £107 894 +£51
390 140 2.8-8.0 394 +£30 759 £34
590 140 2.8-8.0 458 £90 882 +46
660 140 2.8-8.0 312 +£196 774 £71
390 140 8.0-10.0 213 £27 660 £38
590 140 8.0-10.0 353 £82 796 £28
660 140 8.0-10.0 254 £102 784 +87
HM?
600 140 <2.8 523 £94 824 £53
600 140 2.8-10.0 835 £115 913 14
600 160 <2.8 545 £169 885 +40
600 160 2.8-10.0 849 +159 913 £58
Sifted combined
600 140 <2.8 670 £134 795 £81
600 140 2.8-10.0 634 +£161 759 +62
600 160 <2.8 999 £131 892 +26
600 160 2.8-10.0 598 +£256 843 +58

Particle size achieved by HC-horizontal 2-axis chipping and sifting, HM — Hammermilling
with screen on particle outlet.
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While various research groups have explored the utilization of logging residues and pine bark
in chipboard production, the prospect of entirely eliminating fossil-based adhesives has
remained a focus of investigation [9], [12]. With today’s climate objectives it is crucial to
completely rethink construction and housing approaches by completely excluding fossil carbon
from the market [1]. Therefore scientific community and industry need to find working
alternatives. This research provided insights on logging residue usefulness for chipboard
production and provides a few valuable takeaways confirming previous work on logging
residue potential application in chipboard production even without fossil-based adhesives.
Although laboratory research has been done using particle size separation using sieves, it might
be useful to consider gravimetric separation by cyclones as this would result in more even
particle dimensions [18] and therefore lead to more consistent results. It was shown that the
smallest conifer logging residue particle size might have a positive impact on 100% bio-based
chipboard durability and methods for mineral separation from the bark material could be
explored, perhaps by using flotation. There already is research on creating adhesives from bark
extractables along other bio-based adhesives [11], and this research confirms the potential of
chipboard transition away from fossil resources and towards completely bio-based materials.
Bio-based carbohydrate adhesive was used in this research as previous tests without any
adhesive, materials showed low durability and other unwanted effects like bulging and burning
of the material. Chosen adhesive showed promising results, but search for more efficient
adhesive is still open. Previously done literature review on adhesives elucidates multiple bio-
based options, even potential adhesives from other industry residues. Successful research in this
direction could potentially result in chipboards from mostly residue based raw materials —
biomass and adhesive.

Improved circularity in cross laminated timber production

Evaluation of cross laminated timber cutting reprocessing

The proposed case scenario where cuttings from CLT are re-processed was modelled in
SimaPro according to the defined FU and the results are presented first in a comparative way
with the business-as-usual scenario, and then it is disaggregated by unit process. The impact
assessment is presented at midpoint level (kg of substance equivalent) as recommended by the
EDP method and ISO standards in Table 4. Results in business-as-usual scenario correspond to
the energy recovery phase for 0.128 m* of CLT; on the other hand, the results in the proposed
scenario correspond to the sum of the three considerations aforementioned: impact from the re-
process activity, avoided impact from putting in the market new CLT modules, and the impact
related to the energy recovery of remaining cuttings not re-processed.
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Table 3.3. Characterization results comparison between Business as usual and Proposed

scenario using panel cutting reprocessing.

Impact category Unit Business as Propo§ed
usual scenario

Acidification Potential kg SO2eq —0.023 —-0.059

Eutrophication Potential kg POseq  —0.005 -0.011

Global Warming Potential kg CO2eq —4.155 -0.524

Formation potential of tropospheric kg  C;Hs -0.002 —-0.008

photochemical eqv

oxidants

Abiotic depletion potential for non-fossil kg Sb eq —1.43E-05 —2.35E-05

resources

Abiotic depletion potential for fossil MJ —0.005 —122.457

resources

Depletion potential of the stratospheric kg CFC-11 5.13E-07 —9v.20E-07

ozone layer

€q

In the business-as-usual scenario, most of the impact categories show a benefit to the
environment since it is understood, that the electricity and thermal energy generated from the
incineration of CLT material would replace conventional electricity production in Latvia,
according to the market for electricity mix in the Ecoinvent 3.6 database. In the proposed
scenario, even higher benefits to the environment are obtained, due to the energy recovery for

30.28 % of the leftover cuttings and the delivered avoided impact from new CLT modules.

Percentual changes of moving from a business-as-usual scenario towards the proposed one

are easily seen in Fig. 3.3.
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-20% I I
-40%
-60%
-80%
-100%

Acidification Eutropication Global Warming ~ Formation  Abiotic depletion Abiotic depletion
Potential Potential Potential potential of  potential for non  potential for
tropospheric  fossil resources  fossil resources
photochemical
oxidants
B Waste treatment in Business as usual B Proposed scenario (re-process)

Depletion
potential of the
stratospheric
ozone layer

Fig. 3.3. Characterization results showing comparison between Business as usual (blue) and

Proposed scenario (orange). Negative values indicate reduced impact of the specific category.
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In general, the nowadays EoL stage or waste treatment of CLT delivers benefits to the
environment in almost all the impact categories assessed within the EDP method, but for the
ozone layer depletion one. Nevertheless, the proposed new set of activities that give birth to
new CLT panels reducing the amount of waste to be incinerated, aids to increase the already
delivered benefits in all areas except for the global warming potential, this as result of the lower
electricity production that would have eventually substitute the production from conventional
sources in the specific Latvian market. It is worth to notice that the GWP benefits under the
business-as-usual scenario is due to the fact of substituting energy production from the local
market by the energy recovery from a one hundred percent renewable source such as wood. In
all other areas benefits from the new approach surpasses the original ones.

Regarding the proposed re-processing of CLT cuttings scenario, the adverse effects to the
environment are coming from the re-process activity, since the waste scenario is the same as
for the business as usual, thus resulting in an environmental benefit, and the new produced CLT
modules are considered as an avoided product. Under the evaluation of the proposed scenario,
it was found the main driver in most of the evaluated impact categories is the use of
polyurethane adhesive (Fig. 3.4.), except in the ozone layer depletion one.

Depletion potential of the stratospheric ozone layer
Abiotic depletion potential for fossil resources
Abiotic depletion potential for non-fossil resources
Formation potential of tropospheric photochemical

oxidants
Global Warming Potential

Eutrophication Potential

Acidification Potential

i

0% 20% 40% 60% 80% 100%

M Electricity (% contribution) M Polyurethane (% contribution)

Fig. 3.4. Environmental impact contribution per re-processing inputs show comparative
environmental impacts of electricity and polyurethane on CLT production

Multi criteria decision making

Based on the conducted AHP weights for criteria of wood residue, recycling was calculated
and used in TOPSIS analysis to elucidate the best alternative from companies working with
CLT perspective.

[o)}
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According to expert evaluation, production costs are the most important when considering
potential applications of wood residue. Production costs are followed by product market price,
and wood residue to new product ratio. Results of AHP are shown in Fig. 3.5.

New product of 1t wood residues
Product market price

CO2 emissions

Energy consumption of production
Production costs

0.00 0.05 010 0.5 020 025 030 035 040 045

Fig. 3.5. Weights show the significance of each of the five criteria by allocating each criterion
a corresponding part of the total criteria weight sum.

Calculated weights were used further used for TOPSIS analysis. Data matrix of alternatives
and their corresponding criteria are depicted in Table 3.4. along with calculated weights.

Table 3.4. Data Matrix with Considered Alternatives for Cross Laminated Timber Cutting
Use Cases (An) and Corresponding Data of Weighed Criteria (Xq)

(x4)  (xs) New

(Xl), (x2) Energy (x3) CO2 Product product to
Production . o
‘ consumption emissions market wood waste
costs
price ratio

Criteria

) ,0.41 0.11 0.07 0.23 0.19
weights (o)
Units €/tonne  MWh/t Kg COx/t €/tonne  t Reference
(A1)
Medi 148

ed?um 250 1.6 1088 586 0.9 [148],
density [217]
fibreboard
(A2)
Mycelium [148]

68 0.28 47 140 0.9

insulation [218]
material

A3) Solid
(As) Solid 5 0.02 38 204 1 [148]
fuel

A4) Particl
(As) Particle, 0.77 150 350 0.9 [148]
boards

Note ! Weights calculated with analytical hierarchy process approach.
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TOPSIS approach elucidated the mycelium thermal insulation material as the most promising
wood residue utilization option and MDF production as the least preferable option (Fig. 3.6.).
Mycelium thermal insulation gained closeness coefficient (CC) of 0.65 to the ideal solution.
According to expert evaluation and literature data, solid fuels gained CC of 0.59 showing that
solid fuel production is still closer to ideal than non-ideal solution. Nevertheless, when raw
material cascades are considered, burning the by-product is considered as the least preferable
option, especially if the by-product could still be recycled for other purposes [219].

0.7

MDF Micelium Solid fuel PB
thermal
insulation

Proximity to ideal solution

Fig. 3.6. Multi-criteria analysis results, showing options considered and their proximity to the
most preferable alternative represented on y-axis. (PB — chipboardoard; MDF — medium
density fiberboard).

Sensitivity analysis of criteria weight showed the similarity of two preferable options —
mycelium thermal insulation and solid fuel. By changing the weight of product market price
according to unity variation Bpm, mycelium thermal insulation material and solid fuel
alternatives experienced the same trend. When the weight of product market price doubles,
these two alternatives lose their positive proximity to the ideal solution. MDF experience
mirrored trend to mycelium thermal insulation and solid fuel alternatives, but PB is the least
impacted by the changes in product market price (Fig.3.7.)
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==@==Medium density fibreboard Mycelium thermal insulation

Solid fuel Particleboard

Fig. 3.7. TOPSIS results sensitivity analysis. Sensitivity analysis is conducted by changing
weight of product market price and re-calculating the rest of assigned weights. X-axis depicts
magnitude () of change of product market weight and y-axis depict the closeness coefficient
of all alternatives to the ideal solution.
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Additional sensitivity analysis on product market price change was conducted to evaluate
how the most ideal alternative — mycelium thermal insulation material’s closeness coefficient
to the ideal solution and how the closeness coefficient of other alternatives would be impacted.
A step of 10 % change was chosen and results are depicted in Fig. 3.8. Despite of the product
market price reduction of 50 %, mycelium thermal insulation was still the most preferable
alternative, gaining greater distance from the second best alternative — solid fuel.
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Fig. 3.8. Sensitivity analysis on mycelium thermal insulation’s market price change on the
closeness coefficient to the ideal solution change.

As production costs were the only criterion where mycelium thermal insulation material took
the lead from the start, sensitivity analysis was conducted to find out how big should be the
changes in mycelium thermal insulation production for the material to lose its most preferred
rank. Sensitivity analysis on mycelium thermal insulation production cost (Fig. 3.9.) show that
60 % increase on production costs would make mycelium alternative less desirable as solid fuel
production.
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Fig. 3.9. Sensitivity analysis on mycelium thermal insulation’s production cost changes.
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Evaluation of natural thermal packaging market fit

Innovations must be driven by market demand to gain traction. In the context of inventing
entirely new materials, a comprehensive evaluation is necessary. Employing pairwise
comparisons of all 12 criteria provides an overall perspective on the relative importance of each
criterion in relation to the others. The results of weighing are shown in Figure 3.10.

Price

Odor

Available in multiple dimensions
Density

Resistance to humidity
Ability to hold temperature
Sustainability

Thermal conductivity
Vapor resistance
Reusability

Durability

Branding opportunities

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Fig. 3.10. Weights show the significance of each of the 12 criteria by allocating each criterion
a corresponding part of the total criteria weight sum. Weight sum always equal to 1.

Interestingly, enterprises with specialty in fine chemicals and companies using thermal
packaging for internal use, like sample transfer among branches, expressed the importance of
reusable packaging. In these cases, companies are preferring thermal packaging that can
withstand at least 10 application times. On the contrary — pharmaceutical companies claimed
that packaging was used only one time, as its visual appearance after one use is no longer
suitable for medication.

To compare the thermal packaging options available on the market, only five criteria were
chosen for further analysis. Criteria like neutral smell was excluded as none of the materials
available on the market reported has some scent and this would be only an on-off criteria.
Availability of dimensions was not analysed as experts from different companies were
interested in various sizes, making this criterion specific to each case.

Water resistance was considered as being an important criterion, but it covers a lot of
aspects: (1) water absorption; (2) water release after absorption; (3) weather material stays
intact after being exposed to water. The third aspect is very important, at the same time it
should be considered for each specific case. For example, corn-starch foam could be the
most preferred option for shipping electronics, as it can absorb mechanical shock and
protect the goods, but as it dissolves in water it cannot be used in shipments with higher
humidity, e.g., iced products, as humidity would destroy the packaging. At the same time

65



water resistance is not important in the case of electronics as usually the cargo is protected
from it and in case it is compromised by water the shipment is recalled.

Additionally, criteria for durability were excluded along with vapor resistance, repeated
use, and graphical identity. Vapor resistance was excluded as it is most important for
shipments with dry ice and companies are avoiding this shipping option due to the
hazardous nature of dry ice. Each company considered various re-use times as optimal —
experts from testing laboratories and other companies who use the packaging only internally
admitted that they reuse the packaging at least ten times and it can look quite scuffed but
most important is its functionality. On the contrary, pharmaceutical companies used the
packaging only one time as its visual appearance was compromised after the use. Graphical
identity was the least important criterion and similarly as scent — it is an on-off criterion, so
it was left out of further analysis. Criteria chosen for further analysis were weighed and
results are depicted in Figure 3.11.

Thermal conductivity I
Ability to hold temperaturc |
Environmental impact N
Density I
Price I

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Fig. 3.11. Chosen quantitative criteria and their weights showing the importance of each
criterion in the final decision making for thermal packaging materials.

A shown above, after narrowing down to five criteria, price, and ability to hold
temperature took a considerable lead as being the two most important criteria, they together
accounted for more than a half of the impact on the final decision.

Most preferable material

To evaluate the most preferable “green” thermal packaging available on the market, four
products were compared to polystyrene packaging. Using previously determined weights,
following thermal insulation materials were compared: non-woven feathers, non-woven

wool, starch foam, mycelium, and polystyrene (Fig.3.12.).
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Fig. 3.12. Technique for Order of Preference by Similarity to Ideal Solution ranking

of thermal packaging materials. Y axis represents the proximity to ideal solution 1.

Among thermal packaging options the closest proximity to ideal solution (represented by 1 on
Y axis in Figure 3) by applying TOPSIS method was assigned to non-woven wool followed by

feathers and polystyrene, the lowest rank was assigned to starch foam and mycelium was

second-to-last in the ranking.

CO: storage in wood-based panels

The amount of stored biogenic CO» in the new fibreboard insulation material for the eight

different accounting standards is shown in Table 3.5. The stored amount has been calculated

for one cubic meter of the new fibreboard insulation material.

Table 3.5. Stored biogenic CO> in rigid board insulation material depending on accounting

standard.
Technical standard Stored CO2, kg/m3 Source
EN-15804 (2012) 359 [18]
ISO/DIS-21930 (2015) 251 [29]

EN-15804 (2012) +A1:2013 359

[18]

CEN/TR-16970 (2016) 359 [18]
EN-16485 (2014) 359 [18]
ISO/TS-14067 (2013) 90 [30]
PEF v2.2 (2016) 90 [30]
PAS-2050 (2011) 291 [31]

For standards EN-15804 (2012), EN-15804 (2012) +A1:2013, CEN/TR-16970 (2016) and
EN-16485 (2014) the calculated amount of stored CO; is the same, as they are all based on
the same standard of EN-15804 (2012) and assume that the amount is calculated with the
formula shown in Eq. (7), with no further elaboration. ISO/TS-14067 (2013) and PEF v2.2
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(2016) standards are based on the previous ISO-14040/44 standard for LCA, and do not
differ in calculating the stored COx.

Standards based on the EN-15804 standard offer the highest amount of CO> stored in one
cubic meter of the product — 359 kgCO2/m?, while the lowest amount of CO, stored can be
attributed to standards based on the previous 1SO-14040/44 LCA standard — 90 kgCO2/m?>.
Considering all standards, an average value of 270 kgCO,/m? stored can be assumed as the
result if no single carbon accounting method is chosen.

The calculated criteria values and weights for the multicriteria analysis of three different
energy production scenarios are shown in Table 3.6.

Table 3.6. Criteria values and weights

Wood Natural Wood Criteria
biomass Gas CHP biomass weight

CHP CP + PV
panels

Fuel energy content, 1.56 2.26 1.10 0.079
Gl/m®

Capital costs, EUR/m*> 12.68 38.01 8.45 0.210
Fuel costs, EUR/m®  55.17 37.75 47.80 0.288
O&M costs, EUR/m*  1.10 0.94 0.89 0.152
Bought/sold 3.84 -9.45 19.77 0.110
electricity, EUR/m’

NOx emissions, g/m®  3.14 4.95 2.36 0.028
CO emissions, g/m’ 0.86 5.78 0.64 0.016
VOC emissions, g/m* 0 4.95 0 0.020
PM emissions, g/m* 4.7 0 3.5 0.040
CO» emissions, kg/m*> 0 90 0 0.057

The results of the multicriteria analysis of three different energy production scenarios are
shown in Fig.3.13.
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Fig. 3.13. Multicriteria analysis results evaluating energy production scenarios for rigid board
production process

The results of the multicriteria analysis show that the best scenario for energy production
for the manufacturing plant is the wood biomass CHP plant (0.622). In second place are
the wood biomass combustion plant and Solar PV panel scenario (0.531), barely beating out
the natural gas CHP plant scenario (0.490). While currently, the multicriteria analysis shows
that the fossil resource use scenario of natural gas is relatively close in valuation compared
to the renewable resource use scenarios of wood biomass, it is evident that the evaluation
of the natural gas CHP plant scenario could decrease in the future, as the world moves to
use more renewable resources. Nevertheless, the natural gas CHP plant scenario still needs
to be reviewed and considered, so it can be clearly shown that there are better renewable
resource alternatives, which are the wood biomass CHP and combustion plants. Although
the main focus of this study was to compare carbon accounting methods, this additional step
illustrates the importance of energy source when carbon storage is considered. In case
efficient logging residue sorting technology is developed, the bark and other non-fibre
residues could serve as an energy source.

Carbon in Forest economy

Carbon dynamics in Forest economy was estimated using system dynamics modelling.
Model’s Forest sector was validated using data from National Forest bioresource
monitoring. Forest biomass validation depicted in figure 3.14.

69



[
<)}

@
5
=14
=
12
m
g 10
X
3
2 8
i
<t 6
o
w
4 ——————
D b ————————————eetete B A L S SOt
0
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year
—_—1 10 = eeeees 1-10 simulated 1120 11-20 simulated
=21 30 = eeeees 21-30 simulated 31_40 = =31-40 simulated
—41_50 ===41-50 simulated 51_60 ===51-60 simulated

Figure 3.14. Model validation using 1- to 60- year-old Scots pine forest stands in Latvia
State Forests owned lands.

Forest biomass data was available in the time frame from 2008 to 2021, therefore, to assess
the carbon flow in the future, model was run up to 2160. As forest management lies out of
this research scope, relative harvesting values were used — static rates in % for each forest
age group. Although this is not the most beneficial way to harvest timber, it provided some
stability. Statistics data showed that some age groups had a decreasing trend and using a
stable harvest rate allowed for them to recover. Scots pine biomass forecast in territories
managed by Latvian State Forests are shown in Figure 3.15.
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Fig. 3.15. Model of Scots pine biomass stock in Latvia State Forests
Chosen scenarios for product sector include CLT, and thermal insulation material for

packaging and building insulation. Results depict (Fig.3.16.) carbon stock in Atmosphere
over 152-year period.

71



20

—Dhase 15

=== (P)Packagin
( ging 0

(I)Insulation

Atmospheric carbon [MtC]

P&I 5
——CLT 0
——CLT&P&I

() fuel logging

RXFTOOANRXRTOOVOAXRTFTOOANXRXTOOANXF OO A
S—= A AN NTUVUUVOOTXXNDNOO —~— AN T NN
QOO OO OO OO O OO OO OO m md mt m
[a\IX e INa\ o\ Ba\ Rl o\ B o\ Mo\ o\ Il o\ o\ I of e\ Bl o\ o\ Bl o\ o\ Nl o i o\l o\ la\ I o\ B e\ N\ B e\ R o]

Fig.3.16. Carbon stock in atmosphere depending on chosen scenarios: base — base scenario,
(P)Packaging — partial logging residue utilization for thermal packaging, (I)Insulation -
partial logging residue utilization for building thermal insulation, P&I - partial logging
residue utilization for thermal packaging and building thermal insulation, CLT — CLT
cutting reprocessing in new panels, CLT&P&I — combined CLT, P, and I scenarios, 0 fuel
logging — no fuel is accounted for logging.

Bioeconomy impacting factors and indicators

Top-down approach

After expert evaluations and application of the Delphi method, seven primary bioeconomy-
affecting factors and their linkages were identified (Fig. 3.17.). The linkages discussed were
based on scientific literature and are described as direct or indirect based on how they affect
narrowed down factors.
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Fig.3.17. Graphical representation of seven bioeconomy influencing factors and their

interlinkages related to Forest value chain [220]

The main nexus identified from graphical representation linkages (Fig. 3.17.) are: (1) Policy —
Research and Innovations - Technology; (2) Production — Waste — Climate change; (3)
Production — Waste — Bioresources; (4) Policy — Production — Bioresources; (5) Technology —
Production — Climate change; (6) Climate change — Policy — Production; (7) Policy-
Technology - Production — Bioresources; (8) Climate change — Bioresources — Production.
Factors like Consumption and Economic growth did not make it to the final cut of 7 factors
from the top-down approach. As expected according to theory based analysis, when causal
chains are detected, heterogeneity should be expected. It was predictable that analysis from one
dimension will not show the full causal chain, therefore top-down approach was added and
experts from industry chosen for another focus group on whom Delphi methodology was used
to refine the causal chain. A few new factors were detected using the bottom-up approach.
Factors like Behaviour was elucidated only when bottom-up approach was used. Previously the
Financial resources factor was left out using the top-down approach but resurfaced as important

when assessing enterprise level factors.
Bottom-up approach

[t is important to notice that a large proportion of biomass defined as waste is in fact by-products
according to the EU definition, but in some cases, production managers are referring to by-
products as waste. The by-product group might be referred to as waste only due to lack of
technology — by-products might spoil due to inappropriate storage or they can be hard to
retrieve, like sugars from waste after blanching. Nevertheless, behaviour and knowledge
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strongly impact the by-product-to-waste flow. When enterprise’s management does not want to
deal with finding new applications or buyers of the by-products, the biomass is simply directed
to waste stream. In addition, companies worry about disclaiming their practices publicly, this
can slow down the progress and opportunities for innovation as there is no exchange of
information amongst enterprises sticking to closed innovation.

According to Demirbas (2011), waste reduction is the most preferred waste management option
[166], according to elucidated nexus, waste can negatively impact company’s financial
resources and positively impact available bioresource amount. In case of blanched, peeled, and
ready to use vegetable production, more efficient peeling technologies might be implemented
to reduce the total amount of peels generated. In many cases by-products properly treated would
not become waste, hence proper utilization of them would reduce the relative waste amount in
proportion to the product.

After analysing links and respective products, conclusion was reached that indicators for these
links might be economic or technologic in nature. An indicator can characterize the economic
value of byproducts, energy efficiency of technology or efficiency of the production itself.

It is a frequent practice to motivate companies for research and development by providing
incentives specifically for technologies reducing carbon emissions [221], alternatively fines are
used as a tool to prevent companies from pollution.

In every enterprise there are already existing technologies affecting the overall production
process. After interviews we concluded that the existing technologies are impacting the
production efficiency, which is in turn affecting the amount of generated waste. As waste
increases the risk of pollution [124] and climate change due to methane production in landfills
[117], [222], these climate threats are leading to policy change from local authorities. Enforced
policy might provide incentives for developing cleaner production, alternatively taxes might be
enforced on the disposed waste [223]. As these policies cause pressure on an enterprise’s
financial resources, enterprises are forced to invest in R&D and find a technological solution
that would result in positive gains — investment in the new technologies is smaller than potential
taxes or fines related to the policies. Two new technologies might be considered — one that
reduces waste during production and another that allows to extract bioresources from waste.
Both approaches can lead to reduction of waste. In terms of waste management — reduction is
the most preferred option [166], but using waste to produce PFCs can be considered as a good
option as well. As mentioned above — diverging by-product flows to production of another
product group from the top of the bio-based value pyramid can lead to value cascading, hence
prolong resource circulation in bioeconomy.

In the discussed examples (Fig.3.18.) of path B, the loop finishes with a positive feedback on
financial resources. In this specific case study, two instances when R&D lead to path A and
three leading to path B were detected. One instance from path A led to path B in a previously
described manner.
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The overall enterprise nexus was developed including additional factors. After analysing
information acquired in the interviews, we concluded that knowledge and behaviour are crucial
factors in this nexus. Although, companies are not always aware of this, knowledge and
behaviour in a company can lead to implementation of a new, more environmentally friendly,
technology [224]. It is clear how financial resources in a company play a large role in
environmental innovations [221], but behaviour and company culture is often left out of the
picture.

As can be viewed in Figure 3.19., local policies, production as well as knowledge and decision
makers in a company are impacting the link between waste and bioresources. The gray area in
Fig. 5 represents factors that are out of enterprise scope, although climate change and pollution
might have an impact on enterprise functionality — there could be a pressure to relocate the
production site due to lack of resources [225], [226]. These two factors have a long-term impact,
hence policies imposing fiscal measures have a more noticeable and rapid impact. For
bioeconomy evaluation a central core consisting of bioresources-production-waste leading back
to bioresources was detected. In this case waste represents lost or disposed resources, by-
products used efficiently lead back to bioresource and are used in the production of another
product.
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Assessment of the impact from changes in Production-Waste-Bioresources. Although

enterprises are responsible for the emissions they produce, it is National and Regional level
scope that drives new policies (depicted as the grey area)

To evaluate company’s added value to circular bioeconomy, a bioresource utilization index was
calculated using the approach described in Methods section. For this analysis two enterprises
from the three interviewed before were chosen. An overall bioresource utilization state in an
enterprise is estimated — a bioresource utilization index closer to 1 shows bioresource
utilization. The constructed scenarios with corresponding biomass utilization indexes are
represented in Table 3.7.
Two studied cases and four alternative scenarios for each case. RM — raw material, BBV 1 to 0
represents bio-based value pyramid levels starting from the top. Percentages in the table
represent the amounts of dry biomass sent to a specific product, waste, or by-product stream.
Scenarios represent by-product use for pharmaceuticals and fine chemicals BBV1, food and
feed BBV0.75, bioplastics and polymers BBVO0.5, bulk chemicals and biogas BBV0.25, energy
and heat BBV0. Waste is dry mass of wasted organic by-products and waste as rotten raw
material. BUing — the calculated bioresource utilization index. Actual situations in respective

two enterprises: 11 pase— the base scenario for the first enterprise, IX pase - the base scenario for
the second enterprise.
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Table 3.7. Alternative scenario representation by biomass allocation.

Scenario RM ?BV BBV0.75 i’BVO ?BVO'Z BBVO ‘Waste Product
Enterprise | I 100% | 0% 0% 0% 0% 0%
No. 1 Hewe | 100% | 0% | 0% 0% 34%

il 100% | 0% |5% 0% 12%

v 100% | 0% | 0% 0% 12%

v 100% -| 6% 7% 12%
Enterprise | VI 100% | 0% 0% 0% 0%
No. 2 VII [ 100% | 0% | 0% 0% 0%

VII [ 100% | 0% | 0% 0% 37%

Xee | 100% | 0% | 5% 0% 32%

X 100% 32% 0% 0%

By-product flows by dry weight. RM —raw material; BBV — bio-based value represents the added value
to biomass. Added value is represented with corresponding coefficient 1-high value, 0.75- Moderately
high value, 0.5-medium value, 0.25-low value and 0-no value. Table represents the allocation of biomass
by dry weight in constructed scenarios (I, III to VIII and X) and detected scenarios (Ilcase and [Xcase) for
Enterprise No. 1 and Enterprise No. 2.

Each company is represented by five scenarios, I to V and VI to X for each company,
respectively, with base scenarios II for the first and IX for the second. For each enterprise in
the worst-case scenario II and VII it is assumed that damaged raw material and all generated
by-products, products that do not meet market standards, and other production leftovers are sent
to waste and sugars along with starches that are not retrieved from water or used in any other
way. By calculating the worst-case scenario, it is possible to evaluate the general efficiency of
production process, as the index shows how much product can be acquired from a certain
amount of raw material. There might be two explanations if the index is exceptionally low; in
this case — first, the raw material contains a small concentration of the product or second, the
technology is inefficient and there could potentially be a place for improvement. Base scenario
for both production companies included storage of raw material, in this step material could be
lost as it might get damaged due to incorrect storage conditions or simply prolonged storage.
The enterprise represented in cases VI to X does not store the raw material as long as the first
enterprise. The damaged raw material is stored as waste and sent to a biogas production plant
along with other raw material that has been sorted out due to being unfit for production needs.
Scenarios I to V included peeling where up to 5% of raw material is excluded from further
production. As scenario II (actual situation) shows — at this point peelings are stored as waste
and transferred to biogas production plant. In scenarios II to V and VIII to IX still at least 12%
of'the raw material or by-product is sent to biogas production, this is the amount that is damaged
during storage or sorted out for not meeting the safety standards for being used as food. In
scenarios III, V, IX and X a significant amount of created by-products is used as food and feed.
Usually, the sorting process is meant for sorting out damaged raw materials or products that are
not meeting the market standards. However, in many cases the raw material or product is in
good condition, it is simply misshapen, or size does not match the production line requirements,
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hence it could still be used as food or feed. In scenarios IIT and V peels are used for animal feed,
in addition, in scenario V a small portion of the raw material was used as a food product,
because the amount of raw material was too small for production line. Although it is quite easy
to redirect such by-products as peels and misshapen vegetables to livestock feed, it might be
more feasible to sell these by-products to food producers. The Yurosek case proves that even
misshapen vegetables can be used to produce higher added value foods - in 1986 Yurosek as
an entrepreneur decided to try out producing “baby-carrots” from overgrown and misshapen
carrots by cutting and physically shaping them into bite-size shapes [227], hence increasing the
economic value of this bioresource from animal feed to food. The smaller size of the raw
material was in higher demand from restaurants. Scenarios IV and VI both show that a portion
of by-products is being used to create solid fuels. as energy recovery is considered downcycling
of a material [69], this is the least preferable utilization option of a material. This idea is
supported by the proposed bioresource utilization index, as scenarios IV and VI generate one
of the lowest bioresource utilization index, lower being only scenarios where all generated side
streams are redirected to waste. A portion of the analysed material is leached into water by
blanching in the form of simple sugars or as starch during washing and cutting or grinding
process. Best case scenarios V and X explore the option for these carbohydrates to be used for
fine chemical production by the mixotrophic cultivation of algae [228],[229] or other
microorganisms. In addition, scenario V explores the option of leached starch to be used for
poly-lactic acid production as in this enterprise a considerable amount of starch was lost as
suspended solids in wastewater. As mentioned before, BBW 0.25 is assigned to by-products
used for biogas production. This is the most popular choice in enterprises dealing with organic
by-products. The lowest bioresource index represents scenario where all by-products are
wasted, in this case the index is dependent only on product/raw material ratio. As can be seen
in Fig. 3.20., the highest bioresource utilization index calculated was 0.88. The highest score in
bioresource utilization index is affected by best available techniques as well as the demand from
PFC industry as in most cases status quo in this industry is to purchase raw materials with the
highest purity. As more environmentally sustainable and safe options are becoming more
popular in the PFC industry, more options for wood biomass utilization are surfacing in the
market. Wood used to be on the bottom of the bio-based value pyramid, but today there are
plenty of fine chemicals being extracted from it, such as terpenes [230], lignin [196] and betulin
[231]. It is expected that opportunities for vegetable and fruit peels and other food production
by-product utilization will grow, as more research trying to find possible uses for them is taking
place [144], [232].

As mentioned before, production companies often choose to direct by-product to biogas
production (in this study represented by BBW 0.25 or 4™ level from the top), although this study
shows that often by-products rich in reducing sugars might be used for PFCs production [143],
[233], if veterinarian standards are met, by-product can be used as feed for livestock.

The overall comparison between scenarios can be seen in Figure 3.20. In food processing
industry, sugars and soluble proteins are lost during blanching [234], retrieving these
compounds from wastewaters requires too much energy for this process to be feasible. Organic
compounds like starch can be extracted from production wastewaters [235]. In addition, after
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starch extraction from the raw material, juice is produced as by-product, it is a colloid substance
that can be used for soil fertilization or proteins can be extracted and used as feed [143].
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Fig.3.20. Bioresource utilization index calculated for Enterprise No. 1 and 2. actual situations
represented by case II and IX and four alternative scenarios (I, III to VIII and X). Baseline is
represented by median from all ten scenarios as one bioresource is used in all cases. Baseline
shows that actual scenarios are very close to median (orange), showing that actual situation is
somewhat in-between of worst and best possible case.

Hence in these calculations, the weight lost during blanching is considered as lost raw material.
For determination of bioresource potential use in the enterprise, all biomass materials should
be considered as bioresource.

4 CONCLUSIONS

Despite almost the concerns that Latvia exports low value timber, the topic is still relevant
today. This thesis unearths transformative insights into the bioeconomy and conifer value
chain innovations. All explored innovations are aimed towards resource efficiency and
production residue stream redirection towards value added products. Research encompassed
the potential of logging residues in 100% bio-based chipboards, thermal insulation
packaging, and assessments of residue management strategies.

Although scientific literature covers logging residue and pine bark applications for
chipboard production the possibility of completely excluding fossil-based adhesives is not
sufficiently explored. With today’s climate objectives it is crucial to completely rethink
construction and housing approaches by completely excluding fossil carbon from the
market. Therefore, scientific community and industry need to find working alternatives.
This thesis provided insights on logging residue usefulness for chipboard production and
provided useful takeaways confirming previous work on logging residue potential
application in chipboard production even without fossil-based adhesives. Although
laboratory research has been done using particle size separation using sieves, it might be
useful to consider gravimetric separation by cyclones as this would result in more even
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particle dimensions and therefore lead to more consistent results. It was shown that the
<2.8 mm conifer logging residue particle size might have a positive impact on 100% bio-
based chipboard durability. In addition, methods for mineral separation from the bark
material could be explored, perhaps by using flotation. At the same time, there is already
research on creating adhesives from bark extractables along other bio-based adhesives, and
this research confirms the potential of chipboard transition away from fossil resources and
towards completely bio-based materials.

Chosen adhesive showed promising results, but search for more efficient adhesive is still
open. Literature review on adhesives elucidates multiple bio-based options, even potential
adhesives from other industry residues. Successful research in this direction could
potentially result in chipboards from mostly residue based raw materials — biomass and
adhesive.

Results of experimental studies, market research and overall bioeconomy assessment
showed that conifers as a dominant group of Latvia’s forest species harbour a great potential
for increasing the added value Forest economy. It is possible to improve the resource
efficiency of the conventional conifer value chain by introducing innovative products and
technologies for more efficient residue use, e.g., CLT cutting reprocessing. Therefore, it is
possible to add value to conifer value chain without significant reorientation of primary raw
material use.

Currently, the implementation of resource efficiency measures in companies depends on
subjective viewpoints of decision-makers. To stimulate the utilization of residual materials
from conventional conifer processing streams for higher value-added products, regulatory
measures from policymakers are necessary. This conclusion arises from the theory based
analysis on Bioeconomy development. As bottom-up approach showed — the enterprise
resource efficiency is dependent on decision-maker’s knowledge and subjective attitude
towards the issue. If there is no internal knowledge of the potential for production residues,
the residues will be directed towards energy, as this path is well known although adds the
least value. However, despite available knowledge, there are only a few successful
implementations of innovative technologies. Consequently, the conclusion is that, between
the two factors, “behavioural” and “knowledge”, the “behavioural” factor holds greater
significance in the development of the conifer value chain.

Another aspect that would benefit from policy-maker involvement is carbon accounting.
In this work multiple methods were compared. Methodologies clearly state the boundaries
and underlying calculations, and consequentially show varying results. The significant
number of accounting methods lead to situations where the results can only be used for
specific cases, the same as Life Cycle Assessments. Tailor-made analysis can provide
answers to very specific questions. Nevertheless, it is important to agree on a single
accounting method that would allow the current situation of National and International
Economy level to be assessed and future scenarios to be modelled. This thesis provide
system dynamics as a comprehensive approach for carbon accounting and modelling. In the
scope of this work System Dynamics modelling approach was used to illustrate the concept
of dynamic carbon accounting. Initial modelling results showed that the popular assumption
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of net zero emissions from wood-based products need to be reconsidered, as model shows
carbon accumulation in atmosphere from the activity in Forest economy. Therefore,
sustainability of wood products needs to be evaluated in the long term and in conjunction
with the possibilities of the energy sector. For carbon to be effectively stored in wood and
its products, the issue of fossil fuel dependency and product longevity needs to be addressed.
Bio-based products have the capacity to buffer carbon release into atmosphere even when
fossil fuel is used, nevertheless it is important to balance the product lifespan with time the
carbon took to assimilate into the biomass.

Despite the plans outlined in the Green Deal to decouple resource consumption from
economic growth, the market anticipates an increase in demand for wood raw material
volume. Therefore, additional alternatives need to be explored for the innovative products
discussed in this study. Increasing the production volume of cross-laminated timber (CLT)
and replacing concrete in multi-story buildings would significantly enhance the long-term
carbon storage capacity in Latvia's economy.

Finally, bottom-up approach enhances the importance of waste reduction and search for
new technologies that would enhance the resource efficiency leading to financial savings.
This work illustrates the importance of production residue redirection towards use in
products that could store the assimilated carbon for longer periods.
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Abstract — Today there is a great demand in the market of wood-based panels like medium
density fibreboard (MDF), plywood and oriented strand board (OSB). These boards provide
functionality in various industrial fields from building to furniture production. All are
produced from timber and some type of binding resin, the most often used in Europe are
phenol formaldehyde (FF), isocyanate (MDI) and melamine urea formaldehyde (MUF). These
resins guarantee sturdiness of the material but are toxic to humans and makes recycling of
the wood-based panels very difficult. There are attempts of wood-based panels industry to
transition away from fossil-based adhesives. Various resins have been developed using lignin
and tannin or protein. Soy based adhesive SOYAD™ has already reached the market, other
soy protein-based adhesives are integrated into ultra-low formaldehyde emission particle
boards like Nu green 2® and Transform™. This paper gives an overview on bio-based
adhesives that are used or have the potential to be used for wood-based panel production.

Keywords — Bioresources; plant-based; polyaddition; polycondensation; polymerization;
urea-formaldehyde; wood composites

1. INTRODUCTION

Adhesives are required for many fields of engineering, engineered wood products are no
exception. Fibres in timber have great load bearing properties, but the strength of these fibres
decreases dramatically when applied in any other way than perpendicular to the longitudinal
axis [1]. Engineered wood products are created to even out the load bearing properties of
timber by disrupting the natural timber structure and binding the biomass back together with
adhesives. Wood-based panels (WP) can be used for construction and carpentry applications.
The application of WP depends on their characteristics, such as hardness, surface properties,
strength and composition. An important property of WP is moisture resistance; greater
resistance can be acquired by the right adhesive or coating. One of the most popular WP are:
particle boards (PB), fibreboards, oriented strand boards (OSB). Density of the boards ranges
from 650 kg m*® to 1000 kg m*® [2]. Fibreboards are classified by density — low density
fibreboards (LDF) with 400-600 kg/m3, medium density fibreboard (MDF) 600-750 kg/m?
and high-density fibreboard (HDF) with up to 1000 kg/m? density [3]. For easier processing
and for economic reasons, wood panels are mostly made of softwood. Fibreboards usually
use synthetic adhesive such as urea-formaldehyde, melamine-formaldehyde or phenol-
formaldehyde [4]. Hardening adhesives are easy to handle with woodworking tools, hence in
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woodworking industry they are preferred over elastic adhesives. Downside of these popular
formaldehyde adhesives is their formaldehyde emissions which are toxic to living organisms.
The constant demand of wood-base panels in European Union market 2013 — 57 700 thousand
m?; 2014 — 68 800 thousand m?; 2015 — 64 400 thousand m?; 2016 — 65 000 thousand m? is
forcing the development of new products [5].

To make the WP industry more sustainable and use of its products safer, greener adhesive
options need to be considered. Despite the upper hand of green adhesives regarding
sustainability and health benefits, greener adhesives fail to meet industry’s requirements of
high strength of internal bonds, dimensional stability, temperature resistance, fast curing, and
good viscosity regulation [6].

The focus of this article is on working principles of bio-adhesives like lignin, plant protein,
fatty acids and carbohydrates. This paper provides an overview of the working principles and
accessibility of raw material for these adhesives. The current situation and possible
technologies for the development of a bio-binder and the basis of previous research are
reviewed in this article.

2. WHAT MAKES CHEMICALS STICKY

Adhesives have the properties to stick materials together — whether it is surface to surface
or internally in the material [7]. Adhesion principles vary; hence it is important to be
acquainted to them before choosing the right adhesive for a specific application.

The smallest unit of a substance — a molecule is held together by covalent bonds between
its atoms. At the macro level the substance is held together by hydrogen, van der Waals or
electrostatic forces. Such interactions in a substance are called cohesion and are influenced
by cohesion forces. The effect between the surfaces of substances, on the other hand, is called
adhesion — the forces of adhesion determine the specific work required to separate these
surfaces [8]. The sum of these two forces — cohesion and adhesion, determines whether
surface wetting will occur when a solid and a liquid interact.

Drops of the same volume of different substances on the same surface will form different
shapes — with different contact area and droplet geometry. On hygroscopic surface the water
drop will be more compact, while the olive oil drop will be rounder. A contact angle will form
between the air layer, the surface, and the droplet. There is a direct relationship between this
angle and adhesion — the narrower the angle, the greater the adhesion. Efficient adhesive has
a strong cohesive, and strong adhesion [9]. Materials and their surface properties differ, hence
different adhesives are created to adhere to specific surfaces.

Fluids that can act as an adhesive are also characterized by viscoelasticity. This means that
these fluids are viscous — slow flowing and at the same time flexible — they try to return to
their original state [10], [11]. The natural viscoelastic substance is honey — it is viscous and
sticky. Honey appears sticky when taken between the fingers, it wets the skin and has strong
cohesion and adhesion to skin.

The principle of adhesion includes both mechanical binding and specific binding.
Mechanical binding occurs when the adhesive enters the texture of the surface on which it is
poured. Specific adhesion includes electrostatic forces — van der Waals forces, hydrogen
bonds [12], or even covalent bonds if chemical reactions also take place between the surface
and the adhesive. It is often observed that the adhesion between two glued surfaces becomes
stronger over time, this is because due to its viscosity it slowly flows into the finer grooves
of the surface, increasing the surface between the glued materials and the adhesive, thus
increasing the total adhesion.
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There are cases when better mechanical adhesion can be achieved by diluting the adhesive
with a more flowing solvent — thus reducing its viscosity. This approach allows the adhesive
to fill the surface relief of the substrate faster, in this case the challenge is to get rid of the
solvent, because only when the adhesive regains its original viscosity or even hardens,
adhesion is ensured [13]. Some solvents, like acetone, evaporate rapidly, but solvents like
water take longer time.

2.1. Types of fossil-based adhesives used in industry (e.g., polyvinyl acetate, urea-
formaldehyde, and others)

High throughput production plants are characteristic to wood-based industry. Particleboard
production plants can have as high throughputs as 500 thousand m?*/year [14]. Although
adhesive comprises only 2 to 5 % of the final wood-based board, it makes up for up to 25 %
of the product costs, therefore making a great impact on production profitability. This
promotes the research and development of new and improved adhesives, nevertheless popular
synthetic adhesives are industry standards — providing durability and resistance to water [3].

For gluing wood substrate, the popular polyvinyl acetate (PVA) water emulsion is produced
in factory reactors from vinyl acetate monomers. The polymerization reaction is catalysed by
the free radicals formed from decomposition of hydrogen peroxide, inorganic persulphates or
organic hydroperoxides. Polymerization in this case is by-product free, as nothing else is
created in the chemical reaction. As PVA glue is an aqueous solution of different
concentrations of PVA, the glue only starts to hold the surfaces together when the water has
evaporated [15], therefore it takes time for the process to take place passively, if faster curing
is required, forced convection can be applied.

An alternative to increasing the adhesion strength of adhesive solutions is chemical hot-
melt adhesives such as the well-known polyamide [16], polyolefins, polyester and
polyurethane. The basic principle of these adhesives is similar to the already mentioned PVA
adhesive — they are synthetic polymers that do not chemically react with the substrate.
Depending on the adhesive, they have a specific melting temperature at which it passes into
the liquid phase, but as the temperature decreases, it returns to the solid phase [11]. Choosing
the wrong temperature to melt them can release volatile compounds from the polymer,
creating an unpleasant ‘burnt plastic’ odour [17]. Hot melt adhesives have been available for
many decades and are widely used, however, they have performance limitations such as poor
heat resistance, low resistance to UV radiation, and water or solvent permeability [16].
However, the wide application of such adhesives is determined by their diversity — each type
has copolymer variants, providing a range of performance properties according to the desired
application. Depending on the application, many forms of hot melt adhesives (granules,
blocks, films, tubes) [11] and application patterns (dots, spiral spraying or continuous lines,
etc.) are available on the market [18]. Hot melt films are ideal for laminating a wide range of
fabrics and making joints without seams, for example in the manufacture of fabric raincoats.

The variation of the glue application method allows to control costs — consuming only as
much material and energy as needed for the specific case. As such, adhesives are generally
difficult to spray due to the need for uniform temperature, contact with cooler air allows them
to cool faster. Therefore, in practice it is customary to apply the adhesive in the form of a
powder [11] — it provides less difficulty in storing the adhesive compared to the film, to ensure
a thin layer of application on the substrate. Most hot melt adhesives are available in powder
form in a variety of particle size ranges. Polyester and melamine urea formaldehyde in the
form of fibres are used in the production of thermal insulation wool — for bonding glass, and
stone, as well as various alternative ecological substrates [19].
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Chemical adhesives are essentially like the adhesive solutions mentioned above, the
difference being that the polymers are formed directly between the substrates and are not
previously formed and dissolved to make a low viscosity solution. There are three polymer
formation reactions:

1. Polymerization (unbound polyester adhesives, cyanoacrylates, anaerobic
adhesives) [20];

2. Polycondensation (polyamides, phenolic adhesives and silicones) [19];

3. Polyaddition (epoxides, polyurethane, and silicone adhesives) [21].

Such adhesives consist of fillers, monomers, catalysts, and other additives such as reaction
accelerators or inhibitors that promote a slower and more uniform formation of polymers. The
properties of such adhesives have several advantages — resistance to high temperatures >
200 °C, silicone-based adhesives can withstand above 200 °C temperatures. These properties
are suitable for aerospace applications where strength may not be compromised by high
temperatures [22]. Most types of adhesives lose their strength at around 60 °C [23]. The high
heat resistance can be used for improving plywood resistance to fire, by replacing the
polyurethane adhesive in the outer most layers of veneer with silicone based elastomer with
fire retardant additives [22].

Synthetic polymers can have high resistance to abrasion [24], and bending [25],
withstanding up to 40 MPa mechanical forces. Therefore, such adhesives are used in cases
where they must withstand heavy loads, such as in the production of particle board.
Polyurethane adhesives have excellent flexibility withstanding repeated elongation — up to
60 % before breakage [26].

It is also possible to glue metals using adhesion forces, for this purpose resins are usually
used, they are a type of anaerobic glue. Once they have hardened — polymerization has taken
place, they are difficult to deform. They are used in the assembly of joints (by gluing metal
screws) and are known for their ‘locking’ ability. The specificity of the resin is that the
polymerization takes place only when oxygen has been removed from the system [27].
However, this is not difficult to achieve, as the compounds for which the resin is used are
usually sealed.

2.2. Bio-based adhesives

The first adhesives were exclusively of organic origin, even back in the 20" century [28].
At the beginning of World War I, bio-based polymer solution in water was often used as
adhesive. First analogue of PVA glue was a starch solution in water. This solution has the
same working principle — when the water evaporates, long polymer molecules, in this case —
starch, are left behind on the surface [28]. Starch is a polysaccharide made up of glucose
molecules linked by a-1-4 or a-1-6 glycosidic bonds [29]. Therefore, similar to PVA, starch
solution penetrates the pores of the substrate and, when the starch molecules intersect, they
are mechanically bonded together when water has completely evaporated. Starch is formed
in plants as energy reserves, so it is easily available, it is obtained from grains, legumes,
potatoes and corn [29]. Bone glue was another bio-based polymer-water solution. Bone glue
was obtained from animal connective tissues by boiling them. In this case, the polymer that
acts as an adhesive is collagen, a protein that in vivo provides tissue elasticity. Collagen
consists of long protein molecules that are usually linked together by sticky amino acid
residues. When these bonds break under the influence of elevated temperatures, the sticky
ends are released and as the temperature decreases, they again adhere chaotically to each other
and to the substrate by electrostatic forces [10]. Additional benefit of such adhesive is the
sustainability of raw material — as secondary bioresource, bones are residues and do not
compete with food resources [30].
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Over time, these protein adhesives were improved, and denaturants and crosslinkers were
added to soybean protein adhesives to improve their water resistance, shelf life, and
consistency of durability. The added substances were urea, sulphur compounds and inorganic
salt complexes. Each of these groups of compounds reacts with the components of soybean
meal, starch and protein [13]. Formaldehyde used to be additive to soy protein, as
formaldehyde itself cures very well, but it hardens too quickly and is therefore difficult to
control when used alone.

However, there are health risks associated with formaldehyde, so solutions are being sought
to reduce the amount of formaldehyde in wood products used indoors. One such way, without
significantly reducing the mechanical properties of the material is to replace part of the
formaldehyde with lignin. This method is not new, however, with increasing public health
concerns, a few MPa reductions in material strength are not as significant as the reduced
health risks. Lignin is a natural aromatic polymer that contains cellulose fibres, forming
lignocellulose found in the walls of plant cells and ensuring their firmness. Cellulose is
mechanically bound to lignin - cellulose is structurally similar to starch — made from glucose
molecules, which are bound together by B-1,4-glycosidic bonds, while lignin forms a complex
lattice by tying filamentous cellulose fibres. The production of cellulose pulp produces
significant residues of lignin, as it is found in wood in similar amounts as cellulose [31].
Depending on the pulp production method, several types of lignin are formed. The chemical
extraction of pulp is either sulphite or alkaline. Sulphite pulp is pulverized with sulphite under
acidic or alkaline conditions [32]. This process produces lignosulphonate, which is quite high
in molasses, but the sulphonic acid in the solution keeps this lignin in solution. Sulphonic
acid groups ensure the surfactant properties and hygroscopicity of lignosulphonate. These
properties of lignin make it a suitable emulsifier and adhesive. However, in the context of
adhesives, these properties, and the poor ability of the lignosulphonate to bind to, for example,
phenol-formaldehyde adhesive mean that it is not suitable for application in formaldehyde
resins. In turn, lignin obtained by alkaline pulping has several phenolic hydroxy groups,
which allows it to bind to phenylpropanoid groups [33].

As the above-mentioned synthetic adhesives have been proven to be the most effective in
achieving the performance of wood fibre panels, only reduction in the concentration of these
adhesives in search for various natural fillers such as lignin can be seen in production [34].

2.3. Sources of bio-based adhesives
Bio-based adhesives and their corresponding sources are depicted in Table 1.

TABLE 1. BIOBASED ADHESIVES AND THEIR USES FROM SCIENTIFIC LITERATURE

Polymer formation Primary raw

Biological source Compound . . Uses References
reaction material*
Pemqllzum Anhydr(_)us Polycondensation No Wood composites  [35], [36]
oxalicum citric acid
Shrimp and other ~ Chitosan Polvcondensation No Medicine, wood [37], [38],
crustaceans (Carbohydrate) Y composites [46]
. Research, low
Vibrio _ Exopolysacchar 1 dition No technology [39]
parahaemolyticus  ides .
readiness

. Latex L . [28], [40]-

Flowering plants (Isopropene) Polymerization Yes Wood composites [42]
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Biological source Compound Polyr.ner formation Prlma'r y*raw Uses References
reaction material
Lignin .
Wood
00 (Aromatic Polycondensation No Wood composites, 431 144]
foams
polymer)
Yes Wood composite, [8], [45],
foam [46]
Oleaginous plants  Polyols Polyaddition
No Wood composites [45], [47]
Wheat Protein Polycondensation Yes Paper [48], [49]
Fish Protein Polycondensation No Wood composites  [50]
Protein,
carbohydrates,
Rapeseed cake and other Polycondensation No Wood composites  [51]
residues after
oil press
Starch . . [29], [52],
Potatoes (Carbohydrate) Polycondensation Yes Packaging 53]
Tree bark, cork Polycondensation No Wood composites  [54], [44]
Suberin Research, low
Potato tubers Polycondensation No technology [35]
readiness
. Tannin .. .
Flowering plants (Polyphenol) Polyaddition Yes Wood composites  [6], [55]
Hemicellulose . No .
Wood (Carbohydrate) Polycondensation Wood composites  [44], [56]
Vanillin . High temperature
(Phenol) Polycondensation No environment [57]
. . Vanillin . High temperature
Vanilla planifola (Phenol) Polycondensation Yes environment [57], [58]

* Biological source marked as “No” is classified as secondary or tertiary raw material.

Additives such as citric acid and 1,2,3,4-butanetetracarboxylic acids may be added to
increase the performance (strength and resistance to moisture) of natural binders and to
facilitate their use [7]. The use of organic acids in adhesives or their production is a common
approach. For example, citric acid as a crosslinker and a hydrolytic agent can be used as a
plasticizer in starch matrices due to its structural properties. Another organic substance which
can be used as an alternative to formaldehyde resins are tannins because they have many
phenolic rings in their structure. Citric acid promotes the reaction of tannin and sucrose at
lower temperatures, thus potentially reducing energy consumption. An alternative to citric
acid can be ricinoleic acid, which can be obtained from renewable sources — castor oil [6].
Ricinoleic acid is a C18 fatty acid that is also used in the production of lubricants, its
properties are made so different by the dual nature of fatty acids — their acid functional group
makes them polar, while the long tail of the molecule has non-polar properties [59]. Tannins,
in addition to greater mechanical strength, also help protect the material from water. To make
the adhesive easier to work with, it is desirable to obtain a relatively flowing consistency to
avoid unnecessary consumption and ensure the homogeneity of the material [6], [60]. As
already mentioned, a more fluid adhesive that flows into the gaps in the surface of the
substrate increases the contact surface between the surfaces of the substrate, thus also
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increasing the tensile strength and modulus of elasticity. Proportions vary, but experiments
show that acid concentration in solution should be around 25 % in order to achieve the desired
viscosity [6], [7].

Alternatively, it is possible to follow the path of the synthetic additive by adding vinyl
acetate to the starch. In this case, the long starch molecules are crosslinked with smaller vinyl
acetate molecules that could be linked to the hydroxyl group of glucose by ester bonds. This
process is called grafting as the smaller monomers are added on the sides of starch polymer
[61]. Such addition of synthetic excipients can increase not only the mechanical strength, but
also the water repellence. Vinyl acetate prohibits water penetration, but starch on the other
hand forms hydrogen bonds — it attracts water and swells very easily, which in turn reduces
the mechanical strength of the material [61]. Samyn describes some biomimetic and gene
engineering solutions for green adhesives, but at this point these approaches are at low
technology readiness levels [62].

Starch structure — its branching intensity, also differ from plant to plant. Hence different
results can be achieved from corn [63], cassava [64] and other starch sources [10], [65].

Chitin is a similar natural polymer to starch and cellulose. It forms the cell membranes of
fungi as well as the exoskeletons of invertebrates. The chitin monomer is glucose, which, like
cellulose, is linked by B-1,4-glycoside bonds, the difference being that the hydroxyl group at
carbon 4 in the glucose monomer is replaced by an acetyl amine group. Chitin, unlike
cellulose, also contains nitrogen. By treating chitin with alkali, it can be hydrolysed to smaller
oligosaccharides. Chitosan is obtained in this way, but it must be deacylated by treatment
with an organic acid, such as acetic acid, to make it sticky. The obtained glue can be used not
only for gluing timber, but also for wound treatment, helping to stop bleeding. There is
evidence that chitosan can be used as coagulant in wastewater treatment plants [66]. Chitosan
is electrostatically attracted to negatively charged surfaces, which is possible because the
deacylation of chitin leaves a free -NH3" group [67], [68]. The polarity of chitosan means
that this adhesive also binds water well, so the properties of the wood deteriorate in the
presence of water.

The positive aspect of chitosan is its production potential from the production residues of
other products, so it can become a by-product, such as in production of shelled shrimp [67].

Another promising adhesive derived from natural raw materials is polyol adhesive. It can
be obtained by transesterification of vegetable oil with glycosylated starch [8]. Higher
hydroxyl content in polyol improve the bond strength, hence making these polyols more
suitable for wood-based panel production [63], but are not compostable at the end of their life
cycle [69]. Polyols are transesterified fatty acids, when they are joined by ester bonds, there
are few microorganisms or enzymes in nature that could break them down. Polyurethane, on
the other hand, is obtained by reacting isocyanate with fatty acids, the biggest negative aspect
of which is toxic cyanide [55] when it is formed during combustion, so flame retardants are
always added to polyurethanes, which makes it more difficult to process at the end of its
life [70]. Due to cyanide safety issues, nonisocyanide polyurethanes (NIPUs) are developed
by using tannins as isocyanide replacement [55].

With the push and support from policy makers to green chemistry, safer adhesives have
been developed but at this point there are only few available on the market [71], [72], but at
this time they do not reach the >95 % bio-based components requirements. Most of the
adhesives’ summarized in Table 1 working principle is based on condensation reactions as in
urea-formaldehyde. Research in bio-based adhesives field could be divided into multiple
groups — specific compounds (latex, vanillin), compound groups (e.g., lignin, hemicellulose,
suberin), and non-specific substances with adhering properties (e.g., bark powder). Although
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all might result in good adhering properties, the specific compound development would be
favourable in industry as can ensure the most persistent product quality for the user.

3. CONCLUSION

Finding a sustainable raw material, and persistent product quality are the main challenges
in the field of bio-based adhesives. Nevertheless, research papers rarely investigate potential
costs and possible production volumes. As discussed in this review, adhesive costs make up
a considerable part of total wood composite production costs. In addition, large throughput
of wood composite production plants requires adhesives that are available in required
quantities and for a price that cannot be higher than synthetic fossil-based options already
used in the industry.

Product integrity is still and will continue to be a topical issue, as bio-based adhesives are
prone to damage from water. There is more success with bio-based adhesives in medicine and
food production where the water attraction is beneficial. According to the bio-based adhesives
state of the art, lignin and polyols are the most suitable for wood-based panel applications.
Biotechnology and biomimicry approaches are rarely used in adhesives research, hence at this
point, it is unclear whether these fields will have a significant impact on bio-based adhesives’
further development.

Plant material has been the main raw material for research on bio-based adhesives.
Adhesives are widely used and sold for relatively low prices as bulk chemicals, hence research
on plant-based adhesives should be propelled by the availability of secondary plant biomass,
possible production volumes of the bio-based adhesive and potential market price of the bio-
based adhesive.
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Abstract: Engineer wood is widely used in the building industry starting from plywood forms for
concrete forming to building materials e.g. cross-laminated timber and mass timber. Engineered
wood chipboards with lower durability requirements are widely used in dwelling spaces from fur-
niture to decorative paneling. This investigation is focused on the potential of woodchip board tran-
sition to 100% bio-based materials from forest logging residues. Research is done by making wood-
chip boards in a laboratory setting from logging residues and bio-based carbohydrate binder. Du-
rability of produced woodchip boards are determined according to the European standard EN
323:1996. Results show that fine particles in conifer logging residues increase the durability of such
woodchip material confirming the potential for engineered wood transition from fossil-based adhe-
sives to more sustainable adhesives potentially made from bark. Investigation shows that logging
residues can be further investigated as a viable source of woodchip as the durability reached in this
study reaches more than 70% of the durability required by the market.

Keywords: Logging residues, bioeconomy, value-added, 100% bio-based, transition, resource effi-
ciency, greener building

1. Introduction

Replacing conventional building materials with wood alternatives can have a great reduction of atmosphecic carbon

[1]. As building with wood has experianced renensance led by cross-laminated timber and glued laminated timber [2],

it is time to take the next step and improve the sustainability of engineered wood materials as almost all conventianal

engineered wood materials are produced using some kind of fossil binders [3]. Chipboards are one of the main wood

products in international trade. Although the current process of wood particle board production has been modernized
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for a long time, in essence production of boards still involves the use of fossil additives [4]
and toxic binders or their components [5], as well as the use of quality wood [3].
Production efficiency has been improved and solutions have been sought to reduce the
impact on the environment during the entire product life cycle [6]. Chipboards have
multiple variations and according to market research reports, these materials are mostly
used for construction and furniture [7]. Particleboard is one of the main wood products
in international trade. Its global demand and production has seen an upward trend in
recent years. Particleboard is an engineered wood product produced from high-quality
wood chips by bonding them together with synthetic resin or other suitable adhesive at a
certain temperature and pressure. Particle board consists of three layers: two surface
layers and one base layer between the surface layers. The surface layers consist of fine
particles, while the base layer is made of larger and coarser particles. Fine particles usually

do not add to material integrity, but is very important for the final material lamination
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process as smooth surface is crucial for efficiant coverage. Materials for the lamination significantly impacts the final
material functionality as it can increase scratch resistance and water repelancy [8].

Although low-quality wood is being integrated into chipboards, it is not the preference of industry but rather necessity
due to intense deforestatio and need for the biomass [3]. Referring to the United Nations (UN) Food and Agriculture
Organization (FAO) report, the global production of roundwood in 2020 (including fuelwood and industrial
roundwood) was estimated at 3,966 million m? (fuelwood - 1,945 million m? and industrial roundwood - 2,021 million
m?). Compared to the year 2000, the global timber production intensity has increased by about 24%. Timber market
models and estimates developed so far show that if the world's population reaches 10 billion, the demand for wood will
be greater than the global supply of this raw material, which could lead to an increase in wood prices and uncontrolled
cutting of protected forest areas for illegal timber trade. The importance of forests and the need to protect their resources
is only one of the reasons to move towards environmental sustainability as one of the main parameters of the timber
industry when choosing raw materials for industrial production needs. In order to maintain a stable and steady
production of roundwood and timber and to protect wood resources, necessary steps should be taken to increase the
productivity by using the raw material more efficiently or explore completely new and alternative raw materials to
replace high-quality wood [9]. Aditionally, wood use in higher value added product production has gained traction e.g.
fibres for textile [10].

Forseing the future needs for resources in general, there has been multiple research and innovations oriented towards
alternative biomass and adhesives for the engineered wood market [11]. Pedzik (2021) and colleagues have reported
the potential of cipboard production using residues from forest management, tackling the need for sustainable raw
material. Although the team concluded, that the produced boards are applicable to P2 functionality (suitable for dry
environment), the adhesive used in this research is urea-formaldehyde based [9]. Mirski and colleagues recently has
explored the pine bark as an additive for chipboards using the urea-formaldehyde and melamine-urea-formaldehyde
resins [12]. Both of these adhesives are fossil-based. Formaldehyde compounds are most often used in adhesives. One
of the most important areas of its production is urea-formaldehyde resin, but formaldehyde is classified as a compound
that can cause cancer (class 3 carcinogen), poisonous, corrosive and allergenic [13], [14], [15, p. 5], [16], [17]. The wood
particles are first mixed with glue and then formed from them into an inlay, which is then hot-pressed to form a panel
product [9], [12].

Although some types of panels are relatively new to the market, others were developed and successfully implemented
more than a hundred years ago. However, even for those types of boards and panels that have long existed in the timber
industry, the optimization of the manufacturing parameters is still not complete. Technological developments and new
market and regulatory requirements, in combination with the raw material situation, drive continuous improvements
in wood panels and their manufacturing processes [18].

Traditionally, plywood and oriented strand board (OSB) mechanical properties have been characterized by strength
and rigidity. They are resistant to various types of deformation and impact damage. Thanks to their split resistance,
wood boards for various types of structures have excellent fastener retention properties. In addition, it is possible to
nail and screw fasteners very close to the edges of the boards. For most applications, stiffness and strength is one of the
biggest advantages of wood panels. Ultimate stiffness is measured as resistance to deformation under uniform and
concentrated loads and forces that would deform the plate from its inherent shape in the plane of the panel. Stiffness
often makes it possible to use wood structural panels without additional reinforcements with other materials. Load-
bearing wood panels are perfectly suited for applications of bulky dimensions and loads, which are commonly used in
construction Industry [13], [19]. Particleboards on the other hand are more sutied for indoor applications like furniture

and some instances decorative panneling. As previously described, these types of boards are mainly used for their
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smooth surface allowing for variations in finishes by laminating them [8]. Therefore the integrity of the board itself can

be lower compared to OSB or plywood. Making the particleboards the most realistic product for green imporvements.

Significant innovations have been made to ensure that wood panels do not have a negative impact on human health or
the environment. In particular, formaldehyde emissions from the manufacturing process of various panels have been
significantly reduced in recent decades, and further reduction remains the focus of effort and investment for panel
manufacturers, adhesive suppliers, and researchers. In addition, a relatively recent problem observed in the
manufacturing process is the detection and reduction of volatile organic compound (VOC) emissions. Several
developed studies on the analysis of the life cycle of wood chipboards (life cycle assessment), replacing synthetic resins
with biological binders, such as soy protein, lignin, tannin, etc., show a reduction in the impact on the environment [6],
[16]-[18], [20].

One of the main driving forces for the continuous development of wood panels and, accordingly, their production
processes, is the continuous change in the availability of raw materials and permits for use. The basic composition of
the biomass used to make the boards usually depends on what raw material is available regionally. Therefore, the
composition of the biomass and the final product may vary between plants in different regions. In addition, there are
not only regional differences in raw materials, but also their changes over time, caused by several factors, for example,
the management plans of forest areas are regularly changed. In addition, the demand for wood, which until now was
mainly used in the production of boards, has increased significantly in several regions in other sectors, especially in the

energy sector. As a result of these changes, wood panel manufacturers are beginning to pay more attention to optimizing

their production processes and switching to alternative biomass types, including recycled and other lower quality wood.

However, the variability of the quality and composition of wood raw material creates significant difficulties in ensuring
quality uniformity. Studies analyzing the effect of the chemical composition of wood on the strength of wood
chipboards show that different board strength can be obtained with changes in the content of wood particle cellulose,
lignin, hemicellulose, tannin, as well as extractive substances and at different particle pH, particle porosity and
permeability, as well as for changes in the anatomical and chemical properties of other wood particles [18], [21].
The cost of the raw materials used, namely adhesive and wood chips, make up the largest part of the cost of finished
chipboard. Total material costs account for 40-60% of total production costs. Research to date indicates that adhesive
costs account for 30-50% of the total material cost of particleboard production, with the remaining 50-70% of the material
cost being wood chips, chips or logs. Therefore, glue and wood chips are assumed to account for 15-30% and 30-40% of
the total production cost, respectively. Other cost components such as energy, labor and chipboard processing costs
account for approximately 15-20%, 5-20% and 25-30% respectively. According to various authors of scientific literature,
material costs account for approximately 66% of total production costs. Undeniably, the cost of materials, which
includes the cost of adhesive and wood chips, most often accounts for more than half of the total cost of production.
Consequently, replacing wood chips with alternative raw materials other than high-quality wood could lead to
significant cost savings [13].
According to EN 312 - 2:1997 and EN 312 — 3:1997 standards, the limit of the minimum modulus of rupture (MoR) for
plates under 6 mm thickness is 11.5 N/mm? or 1150 N/cm? and the limit of the modulus of elasticity (MoE) is 1600 N/mm?
or 160000 N /cm?2. On the other hand, the minimum permissible value of MoR for plates with a thickness of 6 mm - 13
mm is 12.5 N/mm? or 1250 N/cm?.

In this research efforts are made to elucidate potential for chipboards made only from loggig residues using biogenic
binders from external and potentially the same source as wood chips. Thus opening the possibility to make boards

without negative impacts on environement and human healt.
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2. Materials and Methods
Logging biomass was delivered in 50L to 100L polyethylene bags as wood chips from forest felling where branches
were chipped with needles intact. Although the content of wood chips varied depending on the location and
environment in which the wood chipping was carried out, as well as on the proportions of wood biomass, after visual
assessment it was concluded that the wood chips mainly contained the heartwood and sapwood, bark, needles, fresh
and decayed biomass particles, and mineral particles. To determine the mineral contents, chemical analysis of different
supplied biomasses was carried out, placing a small part of selected biomass in a 500 ml polyethylene bag and taking it
to the Waste products and fuel research and testing laboratory of Ltd "Virsma" for analysis. Along with mineral content,
the volatile substances in biomass was determined according to the LVS EN ISO 18123:2016 standard and was between
72.2% and 79.2%. The amount of sand in the ash ranged from 4.2% to 50.2%.
Xanthan powder or xanthan resin purchased from the store of Ltd. "BBFactory Cosmetics" was used as a binder for the
production of wood chip boards from logging residues. Xanthan was added to the biomass in the form of powder or
solution during its preparation.

Biomass moisture content determination
Chips delivered from forest fellings contained varying but significant amounts of moisture. The different amount of
moisture in the wood chips was observed under different weather conditions during chipping and delivery of logging
residues. Therefore, first the wood chips were removed from polyethylene bags and placed indoors for drying to an air-
dry moisture content of approximately 8% to 10%. The average time for biomass drying was one calendar week, but it
depended on the initial moisture content. The moisture content of the wood chips before and after drying was
determined with a Greisinger GMH 3830 probe by inserting it into the wood chips and reading the moisture content
value from the device interface.

Milling
In order to obtain the required biomass particle size or size range, the dried wood chips were ground using a hammer
mill. The initial grinding of the chips was carried out with a two-horizontally rotating axis chipper to grind it into
smaller particles, which, if necessary, could be sieved immediately to separate larger particle sizes or placed in a
"Vibrotehnik PM-120" hammer mill to obtain even smaller particles.

Size seperation

Depending on the required particle size, two methods were used to obtain desired particle size. (1) After the chips were
crushed in the horizontal axis chipper, the chips were placed in a hammer-type mill, with integrated metal screen. (2)
Sieving of the crushed particles was performed using a Retsch AS-400 sieve shaker, and metal sieves with different
mesh opening sizes.
A disadvantage of the sieving process for obtaining different sizes of wood chips is that when sieves of a certain size
are used in sieving, the particles are obtained not in one size, but in a range of sizes. In addition, when separating the
particles with a metal sieves, not all the dimensions of the particles are smaller than the size of the mesh holes, because
a particle with a size smaller than the mesh size in width but larger in length may fall through the mesh.

Mixing
Depending on the type of adhesive used in the plate pressing experiment group, it was either added to the biomass in
the form of a ready-made powder, or the powder was first dissolved in water to obtain the adhesive in a viscous form
according to the established production protocol, and then added to the biomass. In both variants, the binder was added
to the logging residue particles no longer than 48 h prior biomass pressing to prevent mold formation, moisture change,
and other aspects that would potentially cause unwanted additional effects on the investigated parameters.

Board preparation
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Referring to the information obtained in the scientific literature and the descriptions of the production processes of
wood chip boards, the following equipment and materials were used in the laboratory for the production of boards in
the framework of the development of this work: Hydraulic press with hand pump (Hansa Flex - 10 t); Analog pressure
gauge (Hansa Flex - 600 bar, + 50 bar); Digital manometer (Hansa Flex - 1000 bar, + 1 bar); Cylindrical heating elements
(alternating currents); Temperature sensors; Heating metal blocks/surfaces; Plate drying stand; Metal frames: metal
frame without perforations for holding biomass, and metal frame with perforations for biomass retention and steam
discharge; Metal lining for steam removal; Teflon fabric.

The production of boards was carried out using previously prepared logging residue biomass with the required particle

size (mm), moisture mass fraction (%). The board formation process was carried out in the following stages:

1. Digital pressure gauge was turned on and reset. In case of using analog pressure gauge, no power-up or
reset was done.

2. The required temperature was set using the heating element control controller.

3. When the temperature shown by the temperature sensors indicated that the set temperature (+ 5 °C) has
been reached, a metal frame was placed on the lower heating surface and the Teflon cloth inserted into it.
After that, the prepared biomass was formed into the frame by hand and a metal screen for steam discharge,
and a Teflon fabric was laid on top.

4. Pressing was performed by squeezing the hand pump until the required pressure was displayed on the
manometer (+10 bar for the digital manometer and +50 bar for the analog manometer).

5. The countdown was started, and the pressure controlled with the hand pump during pressing.

6.  After the desired time, the pressure was released evenly by carefully turning the pressure release valve on
the hand pump.

7. Finally, the produced board was removed from the press and placed in the drying rack overnight.

Referring to the information provided in the scientific literature, the size, geometry or shape of the wood particles and
the relative position of the particles significantly affect the mechanical strength of particle board. In this group of
experiments, the effect of particle size of logging residues on the strength of the manufactured boards was tested. To
determine the impact of logging residue particles on strength, the particle size was divided into three parts: < 2.8 mm,

2.8-8 mm, and 8.0-10.0. The hot pressing pressure was chosen to be 600 bar at a temperature of 140 °C and 160 °C.

Board testing

Density
The European standard EN 323:1996 has been developed for determining the density of wooden boards. With reference
to EN 323:1996, the density of timber boards was determined as the ratio of the mass of each test specimen board to its
volume. Both plate parameters were determined at the same moisture content of the sample. A caliper with an accuracy
of + 1 mm was used to determine the dimensions of the plates. On the other hand, for mass determination - laboratory
scales with an accuracy of + 0.01 g. The width and thickness of each logging residue plate and sheet was determined at
three points - at the extreme longitudinal edges of the plates and sheets, and at the midpoint and at its edges according
to the European Standardisation Organisations’ (1993) EN 323:1993 standart “Wood-based panels - Determination of
modulus of elasticity in bending and of bending, applicable at the European level”.

Mechanical properties
For determining the bending strength and modulus of elasticity of wooden boards, the standard EN 310:1993 was used.
This standard defines a method for testing the modulus of elasticity (MoE) and bending strength of horizontally placed
boards in the bending of timber boards with a nominal thickness of > 3 mm. The modulus of elasticity and flexural
strength are determined by applying a load to the center of the test specimen supported at two external points. The
modulus of elasticity is calculated using the slope of the linear region of the load-deflection curve. The calculated value

is the apparent modulus rather than the true modulus because the test method includes both shear and bending. The
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bending strength of each sample is calculated by determining the strength of the maximum bending load Fmax of the full
cross-section of the sample until the mechanical collapse of the sample.

To determine the strength of plates according to the EN 310:1993 standard, following steps were taken: (1) Sawing lines
of the sheets were marked on the prepared boards according to the dimensions determined in the methodology so that
the midpoint of the marked sheets was as close as possible to the midpoint of the board; (2) Sheets from the prepared
board were cut out using a stationary circular saw; (3) Placement of the distance of the outer support points of the stand
for determining the resistance according to the approach determined in the standart methodology; (4) The plates were
placed symmetrically on the support points of the strength test stand; (5) The load tube on the plate was placed at its
longitudinal midpoint, perpendicular to the longitudinal direction of the sheet; (6) Predetermined load to the sheet was
applied in a certain time interval (kg/min) depending on the deformation of the sheet at the initially applied load.

Data analysis

Each composition and parameters were replicated at least two times and achieved boards sawn in three equal parts for
MOoE testing, and density calculations, resulting in at least six repetitions. Calculated standartdeviations are depicted in

graphs, confidence value of 95% (P-vaule < 0.05) was used in the analysis.
3. Results

Analyzing the strength results of the boards whose wood particles were obtained using the two-horizontally
rotating axis chipper, no strong relationship between the particle size and the obtained strength result was observed.
In addition, there was a significant standard deviation in the durability results for the same manufacturing parame-
ters. Initial durability results for three particle size boards are depicted in Figure 1. The highest strength was obtained
for plates with a particle size of 2.8 mm, and the highest inconsistency was detected under high pressure board prepa-
ration for medium particle size boards. Boards prepared from the 8.0-10.0 size fraction was generally less durable than
the rest, but as seen from the statistical analysis the difference between MoE of 2.8-8.0 and 8.0-10.0 particle size boards
in 660 bar pressure was not significant (P=0.27).
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Figure 1. Modulus of elasticity depending on pressure for and particle size : <2.8 mm particle size boards; 2.8-8.0 mm
particle size boards; 10.0 mm particle size boards. MoE — Modulus of Elasticity

There was no significant impact of the chosen pressure extremes to board durability (P=0.43) for the <2.8 mm
particle boards, the boards produced by applying 590 bar pressure showed significantly higher durability compared to
390 bar (P=0.002) and 660 bar (P=0.01) pressures. For the further tests 600 bar setting was chosen. According to biomass
tests conducted in external laboratory, some supplied biomass had a high sand content in the ash (ashing at 550 °C)
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showing up to 26% and around 2% sand content in the raw biomass. Therefore, further tests were done by using the
hammer mill approach by milling the previously chipped and sifted >Imm fractions. Larger particles were combined
to prepare boards in the range of 2.8 mm to 10 mm particle size as initial tests did not show significant difference be-
tween these two fraction in the chosen pressure range. Boards were prepared using 140 °C and 160 °C temperature
regimes to assess temperature and particle size impacts on board mechanical properties. Initial tests for temperatures
were done prior to this study, elucidating the 140 °C and 160 °C temperature range as the most suitable for further
testing, as lower range temperatures produced boards that weren’t truly bonded and higher temperatures produced
burnt boards. Results from 140 °C and 160 °C temperature tests are depicted in Figure 2.
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Figure 2. Modulus of elasticity of <2.8 mm particle size boards (blue), and for 2.8-10.0 partice size boards (orange)
depending on hot press temperature

The results from combining 2.8-8.0 and 8.0-10.0 fractions showed a great increase in board durability, show-
ing better results than prior. Nevertheless, smaller fraction boards showed decrease in durability, this might be ex-
plained by bark removal from the biomass. By separating sand from the biomass, other smaller particles got removed
from the raw material — including finer bark and needle particles. To explain such change, temperatures were further
tested by combining the hammer milled biomass with chipped and sieved particles. Results depicted in Figure 3 shot
that although the larger particle size boards show roughly the same results as the standard deviations overly in the
same areas on the graph, smaller particle size boards show increased results, with one outlier even reaching the mini-
mum MoE threshold determined by European standard for wood chip materials EN 312-2:1997.
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Figure 3. Modulus of elasticity of <2.8 mm particle size boards (blue), and for 2.8-10.0 partice size boards (orange)
depending on hot press temperature for combined particles. Highest result from 2.8mm particle size boards
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Smaller particles pressed together makes the final product more dense loosing the desirability of such woodchip

boards. Nevertheless there was no corelation of overall density increase and increased durability when boards from all

particle sizes were compared. Density and mechanical durability of prepared samples are depicted in Table 1.

Table 1. Overview of the durability and density of produced samples.

Pressure, bar Temperature, Particle MoE, N/cm? Density,
°C size, mm kg/m?
HC?
390 140 <2.8 480 +74 775 +30
590 140 <2.8 747 127 872 £52
660 140 <2.8 536 +107 894 +51
390 140 2.8-8.0 394 30 759 34
590 140 2.8-8.0 458 +90 882 +46
660 140 2.8-8.0 312 196 774 71
390 140 8.0-10.0 213 x27 660 +38
590 140 8.0-10.0 353 82 796 +28
660 140 8.0-10.0 254 102 784 +87
HMm?
600 140 <2.8 523 94 824 53
600 140 2.8-10.0 835115 913 +14
600 160 <2.8 545 +169 885 +40
600 160 2.8-10.0 849 +159 913 +58
Sifted combined
600 140 <2.8 670 134 795 £81
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600 140 2.8-10.0 634 +161 759 162
600 160 <2.8 999 131 892 +26
600 160 2.8-10.0 598 +256 843 +58

Particle size achieved by HC-horizontal 2-axis chipping and sifting, HM — Hammermilling with screen on
particle outlet.

4, Discussion and Conclusions

Although other research groups have been testing logging residue and pine bark applications for chipboard
production the possibility of completely excluding fossil-based adhesives [9], [12]. With todays climate objectives it
is crucial to compleatly rethink construction and housing approaches by compleatly excluding fossil carbon from
the market [1]. Therefore scientific community and industry need to find working alternatives. This research
provided insights on logging residue usefullenes for chipboard production and provides a few usefull takeaways
confirming previous work on logging residue potential application in chipboard production even without fossil
based adhesives. Although laboratory research has been done using particle size separation using sieves, it might
be useful to consider gravimetric separation by cyclones as this would result in more even particle dimensions [18]
and therfore lead to more consistent results. It was shown that the smallest conifer logging residue particle size
might have a positive impact on 100% bio-based chipboard durability and methods for mineral separation from the
bark material could be explored, perhaps by using flotation. There already is research on creating adhesives from
bark extractables along other bio-based adhesives [11], and this research confirms the potential of chipboard tran-
sition away from fossil resources and towards completely bio-based materials.

Bio-based carbohydrate adhesive was used in this research as previous tests without any adhesive, materials
showed low durability and other unwanted effects like bulging and burning of the material. Chosen adhesive
showed promising results, but search for more efficient adhesive is still open. Previously done literature review on
adhesives elucidates multiple bio-based options, even potential adhesives from other industry residues. Successful
research in this direction could potentially result in chipboards from mostly residue based raw materials — biomass
and adhesive.
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Abstract — It is expected that Cross-laminated timber (CLT) and other engineered wood
products will experience rapid growth in the coming years. Global population growth is
requiring more housing units, at the same time the negative impact of construction industry
cannot stay in the same level as today. Alternatives for concrete and steel reinforced
structures are being explored. CLT has proven to be an excellent substitution for concrete
regarding construction of buildings up to eight storeys high. In addition to much lower
environmental impact, construction process using CLT takes significantly less time due to
pre-cut shapes required for specific project. Despite mentioned benefits, there are
considerable amount of CLT cuttings generated in this process. Due to irregular shape and
small dimensions of these cuttings they are useless for further use in construction. By applying
re-processing technology described in this paper, around 70 % of generated cuttings can be
re-processed into new CLT panels. In this paper we are evaluating the environmental benefits
of re-processing these cuttings into new CLT panels versus business-as-usual scenario with
waste disposal. Life cycle assessment results showed significant reduction of environmental
impact for the scenario of CLT cutting re-processing.

Keywords — Avoided burden; construction; green buildings; eco-efficiency; engineered
wood products

1. INTRODUCTION

In lines with the Europe’s Green Deal and overall ambition to reduce the carbon footprint
of human activities, building and construction industries are a good direction to look.
According to life cycle assessment on environmental impact of a dwelling in EU, individual
family houses have the biggest negative impact per person per m”. Significant negative impact
is from building construction — mainly due to the metal that has been used for concrete
reinforcement, used metal has 40 % effect on Human toxicity. Additionally, production of
conventional building materials like concrete and bricks has considerable negative
environmental impact [ 1]. According to European Commission, building construction and use
consumes half of all the extracted materials and produced energy [2]. Hence improvements
in construction and building industries could bring significant positive change regarding
environmental impact of human activities. Promising field of improvement is the use of
innovative building materials with less negative environmental impact but comparable
functional properties.
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As abovementioned, concrete and steel have the most negative impact. In order to reduce
the global warming potential (GWP) of building construction and exploitation, alternatives
to reinforced concrete are being explored. For comparison — GWP of concrete with ~40 MPa
strength is from 120 to 60 kg CO»/m?® for some greener concrete variations [3], in contrast
cross-laminated timber with the same strength has only 40 kg CO»/m® GWP [4]. Wood based
products were popular in the mid-twentieth century but increasing fire safety concerns and
demand for high-rise buildings motivated the use of steel reinforced concrete. Up to 2014
cement industry experienced steady growth globally reaching 4 Gt of annual production, since
then the annual production volumes have not changed [5]. Search for more sustainable
options have led to engineered wood products (EWP), these materials are made out of various
types of primary and secondary timber. Wood biomass has become desirable again, this time
it is due to its added benefit of carbon storage. Naturally timber has great load bearing
capabilitiecs, EWP exploit these properties and offer structural materials with much lower
environmental impact than concrete. Wood-based panel market is growing globally, by the
estimates the size of it in 2019 was 124.416 billion euros and it continues to grow.
Geographically the biggest market share is held by Asia Pacific region, it accounts for around
54 %. Europe holds around 24 % of the wood-based panel market [6]. Wood-based panel
market can be divided in terms of application or product category. Some of the most popular
products are medium density fibreboards, particleboards, plywood, softboard and hardboard.
Product popularity varies in different regions, for example — oriented strand boards (OSB)
are the most popular products in United States. In Europe the most popular ones are
particleboards and medium density boards (MDF) holding around 75 % of Europe’s market.
Cross laminated timber is product that can serve as an alternative in construction, this product
is developed in Central Europe and at this point its market share have not even reached half
a billion. Nevertheless, material like cross-laminated timber (CLT) is a good example of EWP
[7]. CLT boards are produced from planks adhered together layer by layer. To ensure higher
mechanical strength, layers are oriented on top of each other to 90° in relation to bottom layer.
Mechanical properties of the final panels are dependent on used adhesive, thickness of the
separate layers and type of wood. Lower grade planks can be used, but in order to achieve
uniformity of the material, knots are usually cut out of the planks before gluing them together
[8]. Overall EWP category is becoming more popular in the construction industry [9].
Another benefit of CLT and other EWP is their low density, this is important factor for
building mid- and high-rise buildings as the structures of lower levels need to hold up all the
weight above them. Higher strength to weight ratio is more desirable [10].

Hemstrom et al. 2011 [11] research concluded that stakeholder attitudes towards wood in
construction are changing. In Sweden restrictions on mid-rise wood constructions have been
lifted since 1994 [11], in Latvia only since 2015 it is allowed to build up to six story buildings
from wood, but only if evacuation routes are fire proofed and equipped with sprinklers [12].
Sprinkler systems increase the price of the project; hence developers can steer away from
wood solutions and seek cheaper options. Nevertheless, 15 years after lifting restrictions
architects in Sweden still considered concrete as the most reliable material in comparison to
steel and wood, even if wood ranked highest in environment, design and project categories.
Project category included costs, construction time, work environment and transport [11].
Despite the stakeholder attitude towards building with wood, EWP like medium-density
fiberboard, CLT and laminated veneer lumber (LVL) have proven that their physical
properties are similar to widely used materials with higher negative impacts on environment.
For example — wood fiber insulation materials thermal conductivity matches the one of
rockwool, with the added benefit of increased heat capacity. Due to LVL considerable
compressive strength this material can replace steel beams however CLT has considerable
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compressive and flexural strength, hence it can be used in weight bearing wooden
constructions [9]. According to OECD [13] globally life quality is increasing, as mentioned
by FAO [14] this is one of the factors demand for wood-based boards are expected to rise
even more — as people choose to build bigger houses and change their furniture more often
[1]. Hence wood-based solutions that could provide consumers with the same functional
qualities could be well accepted not only by environmentally conscious consumers, but
developers who will need to find a way to meet the growing customer demand.

In the mid-rise wood building segment popular choice has become CLT, there are multiple
examples of eight-story projects [10], [11]. As noted by Hemstrom ef al. pre-made panels is
one of the reasons construction with CLT is significantly faster than with other materials like
bricks [11]. Specific shapes can be cut prior material transportation to construction site. This
approach allows to cut down the onsite operation time and reduces the transported mass and
fuel consumption in return. Nevertheless, all the cuttings are sent to waste stream as their
dimensions are useless for application in construction. These cuttings account for around
15 % of produced CLT [15]. Usual treatment of CLT waste is incineration as added chemical
inhibit biodegradation making it unsuitable for landfills [10].

Life cycle assessment have been often used to compare environmental impact during
construction, exploitation and end of life stages of reinforced concrete structures versus CLT
structures [16]. At this point many papers have been published on this topic evaluating various
geographical cases [4], [10], [16], [17]. Nevertheless, the amount of cuttings and their impact
have not yet been studied. In this paper we are looking into environmental impacts of
reprocessing CLT cuttings into functional full size CLT panels in comparison with
business-as-usual scenario of CLT waste disposal. Technology for CLT reprocessing is
developed in lines with industrial research and all the mass flows are based on the results of
it.

2. METHODS

2.1. Cross-Laminated Timber Reuse

Reprocessing of the panels consisted of five main steps: squaring, finger-joint profiling,
adhesive application, pressing and cutting to required dimensions. Custom made set of
production machinery was used for carrying out the CLT reprocessing process. Formatting
was done manually by using hand tools. Finger joint milling and pressing was done on
specifically designed prototype machinery. Electric saw with 77 % efficiency consumed
0.01 kWh/m, hydraulic press (82 % efficiency) was able to press maximum of three panels
consuming 0.09 kWh per pressing. Finger joint cutting required feeder and cutter with 77 %
and 89 % efficiencies, respectively, overall finger joint cutting required 0.16 kWh/m. CLT
cuttings left from construction were reprocessed into new master panels with dimensions of
3 by 6 meters. In order to make the reuse of CLT panels efficient, leftover cuttings had to be
sorted in order to organize them by thickness. Developed technology allows recycling of CLT
boards with maximum thickness of 160 mm. Machinery is limited to only process cuttings
wider than 800 mm. Cuttings with smaller dimensions are redirected to waste. By the
estimates it is feasible to process cuttings that have reusable surface area above 1 m?
otherwise adhesive consumption is too high to be rational. All cuttings were cut to 90°
corners. Only panels with identical layering and surface layer orientation were pressed
together to guarantee the same mechanical strength. In this scenario, only spruce wood CLT
is used. After multiple tests, Henkel Purbond S109/5S309 adhesive was chosen for
reprocessing of the cuttings. To maximise the working area for adhesive, 50 mm horizontal
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finger joint cuts with 12 mm step were made (Fig. 1), after manual application of the
adhesive, panels were pressed together continuously and cut to required master panel
dimensions.

60

7

Fig. 1. Schematic representation of finger joint cut of 5-layer CLT (green — perpendicular cut to wood grain, orange —
parallel cut to wood grain). Units in mm.

2.2. Scenario of Individual House Project

To illustrate the amount of available CLT for reprocessing, individual house project (Fig. 2)
was chosen. Load bearing structure is entirely created from CLT. Doors and windows are cut
out creating considerable amount of cutting waste.

Fig. 2. 3D representation of individual house CLT weight bearing construction.

Not all the cuttings were suitable for new master panel production. Important criteria for
cutting reuse was their flat surface area. Complicated geometrical shapes were sorted out,
leaving the ones with reusable surface area above 1 m? with dimensions along X axis
(example shown in Fig. 3(A) not less than 800 mm.
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(A (B)

Fig. 3. (A) Reusable area of cutting represented with striped pattern. Width of the reusable area is 810 mm and length
1056 mm; (B) schematic representation.

In chosen scenario for each house eight of the irregular cuttings were suitable for
reprocessing into new master panels. To ensure efficient reprocessing, firstly the cuttings
were calibrated to adjust the width (X axis) so they could be adhered together and pressed
perpendicular to Z axis, cut to desired master panel length of 3 m and after that gluing and
pressing could be continued perpendicular the X axis (Fig. 3(B)). In this manner around 70 %
of the cuttings can be reprocessed into new 3x6 m CLT panels. All the CLT cuttings from
chosen individual house project.

As can be seen in Table 1, there are three types of CLT panels used — 80 mm, 120 mm and
150 mm. By evaluating scenario of cutting re-processing from 10 individual houses, we are
generating scenario where cuttings can be re-processed straight away, otherwise panels with
120 mm and 150 mm thickness will need to be stored in order to accumulate adequate quantity
for reprocessing.

In order to continue with LCA, calculations based on acquired data were conducted. As a
result, 18 (29.7 m*) pieces of re-processed master panels (3x6 m) were produced and
additional 6.23 m3 incomplete panels with 3 m by length that could be further used for new
master panel production.

TABLE 1. CLT CUTTING ORIGINS AND DIMENSIONS

Thickness, Cutting dimensions Dimensions after squaring
Origin

mm Width, mm Length, mm Width, mm Length, mm
Door 80 1525 2400 1525 2200
Door 80 1525 2400 1525 2200
Door 80 1525 2400 1525 2200
Door 80 1525 2400 1525 2200
Door 80 1237 2420 1025 2220
Door 80 1025 2400 1025 2200
Window 80 825 1425 810 1025
Window 80 825 1425 810 1025
Door 80 817 2400 810 2200
Door 80 825 2400 810 2200
Door 80 810 2220 810 2020
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Door 80 810 2220 810 2020
Geometrical cutting 80 irregular irregular 810 1526
Geometrical cutting 80 irregular irregular 810 1478
Geometrical cutting 80 irregular irregular 810 1056
Geometrical cutting 80 irregular irregular 810 1016
Geometrical cutting 80 irregular irregular 810 921

Geometrical cutting 80 irregular irregular 810 1396
Geometrical cutting 80 irregular irregular 810 866

Geometrical cutting 80 irregular irregular 810 848

Window 80 1625 1625 1625 1225
Window 120 840 1520 840 1120
Floor slab 150 2420 3380 2420 2980

2.3. Life Cycle Assessment Methodology

The life cycle assessment (LCA) methodology is the most common tool used to quantify
and compare in a quantitatively manner the impacts from different products or processes such
as the one under study. Every product (good or service) has a life cycle, from its design, then
the resource extraction, transporting, production or manufacturing, commercialization,
consumption or use, and final disposition. The LCA core is to collect and group the resource
consumption, emissions to the environment and environmental exchanges in all activities,
that are needed to produce a determined good, and translate them into comprehensive
environmental impact categories [1], [2].

This allows to think beyond climate change, which is usually the main parameter judged
when assessing environmental issues. The main advantage of LCA is the ability to analyse
impacts from a global perspective, avoiding “burden-shifting” [3] by allowing the assessment
in many and diverse impact categories, regularly summarized in climate change, stratospheric
ozone depletion, tropospheric ozone creation (smog), eutrophication, acidification,
toxicological stress on human health and ecosystems, resource depletion, water use, land use,
noise, and others [4].

The most used methodology for performing LCA is the LCA ISO standard 14040 and 14044
where the principles and framework for LCA are described and the requirements and
guidelines to perform the assessment presented. It is in [SO 14044, where the key four steps
are defined: goal and scope, life cycle inventory, life cycle impact assessment, and life cycle
interpretation [5]. Such steps will be covered in detail in the next section.

2.4. Goal and Scope Definition

The scope requires a clear description of the function and functional unit, system
boundaries, methodology, and data requirements to sufficiently address the stated goal. This
study was done as a comparative one where the waste treatment in the conventional scenario
is assumed to be the same as reported in [6], meaning it is assumed the CLT cuttings are used
for energy recovery, more specifically in district heating and electricity production. However,
transport of cuttings is not considered neither in this nor in the new proposed scenario, where
cuttings are re-processed in-situ to generate new CLT pieces. Thus, the scope of this study is
to evaluate only the activities related to the use given to cuttings in both scenarios despite of
the geographical location with respect to the waste treatment facility.
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This is an attributional model where output data from [6] is normalized to the current
scenarios considering the specific activities, material and energy flows required to conduct
the re-process of cuttings for a specific residential construction project in Latvia. Then, the
results of this study are only applicable to this scenario as foreground data was obtained
directly from construction companies and the amount of cuttings subject to waste or re-
process may vary from one project to another, as well as foreground data related to materials
and energy.

For the baseline scenario, the intended waste treatment is energy recovery, and the values
for electricity, and heat generated are taken directly from [6] as well as the related impact
from this End-of-Life (EoL) stage. Then, the impact results are normalized to the amount of
waste expected from the construction project under evaluation, and these values are
understood as the environmental impact results in the different mid-point categories resulting
from the Environmental Product Declaration (EDP) methodology. For the proposed scenario,
the same amount of cuttings resulting from the construction site, instead of being sent to the
waste treatment plant, are re-processed to create useful new CLT units that could be even sold
to other projects or used internally within the same building site. However, despite of the re-
processing activity, there are cuttings still left for waste, and it is assumed those leftovers are
disposed in the same way as in the baseline scenario.

The EDP method has been recently updated (2018) including water scarcity footprint
category, yet since the 2013 EDP version under which the Environmental Product Declaration
was obtained for this CLT material did not include such category, this one has been left out
of this study to keep comparison consistency. The LCA performed in this project was
completed using Simapro 9.0 software integrated with Ecoinvent 3.6 database.

2.4.1.  Functional Unit

The functional unit (FU) is a measure of the performance of the functional outputs of the
product system and its main objective is to give a reference to which the inputs and outputs
are related. Such a reference is needed to guarantee the equivalence of LCA results. The
definition of a functional unit must then include both the quantitative and the key qualitative
aspects to prevent subjectivity when subsequently defining an equivalence. In this case, the
functional unit is one cubic meter (1 m?®) of CLT material used in the construction site.

2.4.2. System Boundaries

Considering the Environmental Product Declaration system boundaries for the material
under study and the system boundaries considered there, the scheme presented in Fig. 4 has
been developed for this LCA.

The system boundaries in the baseline scenario only covers the waste treatment of cuttings
generated in the construction site without bearing in mind transport to waste treatment plant since
the distance is considered an uncertainty due to variability of possible geographical locations of
building sites. Please notice although phases A1-B7 are displayed in the figure, only those phases
inside the dashed box are the ones within the study’s system boundaries. Extra phases are only
informative to show the overall life cycle of CLT.

For the proposed scenario, the re-process activity is carried out in-situ, without any need for
transport to another location. The remaining cuttings not fitted to be re-processed are disposed
using the same treatment technology considered for the baseline scenario, and again, the transport
to the waste treatment facility is not considered due to distance uncertainty.
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Business as usual Scenario
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Fig. 4. System boundaries for the business as usual and proposed scenarios.

2.4.3. Limitations and Assumptions

Among the limitations that apply for the two scenarios under comparison, the exclusion of
transport activities is the main one due to the uncertainty on both: the geographical location
of the waste treatment facility and the construction site as it varies depending on the project.
However, it is important to notice, that transporting wastes does come with an environmental
burden from the vehicle itself and the fuel combustion, moreover, the higher the amount of
waste to be transported, the higher the environmental impact will be; hence it is likely that by
reducing the amount of waste subject to transported, an additional environmental benefit
might be perceived despite not been accounted for in this study.

Another assumption to bear in mind is the fact of the re-process being carried out in the
same location as the construction of the residential houses is taking place. This is important
since it might be possible, under different case studies, that cuttings leftover after construction
need to be sent to another location for re-processing and then dispatched back to the same
location or sold to another construction project in a different one. For this cases study, since
the re-processing activities are conducted in the same place, no additional environmental toll
from transport is created.

2.5. Life Cycle Inventory

For the baseline scenario, the results from the energy recovery at the end of life (EoL) stage
in [6] were taken directly for 1 m3 and normalized to the amount of waste generated in the
particular construction site. According to the foreground data collected, per each cubic meter
of CLT used, 0.128 m® end up as cuttings leftover to waste. The benefits resulting from the
energy recovery of 1 m® are estimated in 612 MJ of electricity and 4208 MJ of thermal energy
for district heating. Their associated environmental impact is shown in Table 2 for a whole
cubic meter of material disposed. Nevertheless, the values within the model are normalized
to the actual amount of cuttings sent to waste in each scenario.
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TABLE 2. IMPACT ASSESSMENT FOR 1 M? OF CLT DISPOSED

Impact category Unit Total per m®
Acidification Potential kg SO, eq —0.1786
Eutrophication Potential kg PO4 eq —0.04186
Global Warming Potential kg CO, eq —32.51
Formation potential of tropospheric photochemical oxidants kg C,Hseq —0.01664
Abiotic depletion potential for non-fossil resources kg Sbeq —0.000112
Abiotic depletion potential for fossil resources MJ -0.04217
Depletion potential of the stratospheric ozone layer kg CFC-11eq  0.000004012

For the proposed scenario where re-process activities allow to recover part of the cuttings
by making new CLT units, the inventory collection goes toward gathering impacts from 3
stages:

1. Production of brand new CLT units;
2. Materials and energy required for the re-process activity itself;
3. The waste treatment of the unrecoverable cuttings.

Since by creating new CLT units from cuttings, brand new CLT units are potentially
replaced in a construction site, the impact of such new re-processed CLT units are considered
as an avoided product, hence the environmental impact results from phases A1-A3 (Fig. 1)
are normalized and mathematically treated consequently with this approach. Impacts of stages
A1-A3 for 1 m? are shown in Table 3.

TABLE 3. IMPACT ASSESSMENT OF PRODUCING 1 M? OF CLT (A1-A3 STAGES)

Impact category Unit Total
Acidification Potential kg SO, eq 0.6272
Eutrophication Potential kg PO, eq 0.1116
Global Warming Potential kg COs eq —-0.05673
Formation potential of tropospheric photochemical oxidants kg CoHy eq 0.1144
Abiotic depletion potential for non-fossil resources kg Sb eq 0.0002468
Abiotic depletion potential for fossil resources MJ 1497
Depletion potential of the stratospheric ozone layer kg CFC-11eq  0.0000125

The inventory of material and energy required for re-processing 0.128 m3 of leftover

cuttings (value per FU), are normalized to the following: 0.0904 kg of adhesive (polyurethane
adhesive) and 0.466 kWh of electricity taken from the national grid. According to the
foreground data obtained, 69.72 % of the cuttings re-processed are successfully converted
into new CLT modules while the remaining 30.28 % are not suitable for re-process and must
be left as waste material for treatment. Again, the impact related to such treatment is taken
from Table 1 and normalized to the corresponding value in this scenario.

3. LIFE CYCLE IMPACT ASSESSMENT AND INTERPRETATION
The proposed case scenario where cuttings from CLT are re-processed was modelled in

SimaPro according to the defined FU and the results are presented first in a comparative way
with the business-as-usual scenario, and then it is disaggregated by unit process. The impact
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assessment is presented at midpoint level (kg of substance equivalent) as recommended by
the EDP method and ISO standards in Table 4. Results in business-as-usual scenario
correspond to the energy recovery phase for 0.128 m?* of CLT; on the other hand, the results
in the proposed scenario correspond to the sum of the three considerations aforementioned:
impact from the re-process activity, avoided impact from putting in the market new CLT
modules, and the impact related to the energy recovery of remaining cuttings not re-
processed.

TABLE 4. CHARACTERIZATION RESULTS COMPARISON BETWEEN SCENARIOS

Impact category Unit Business as usual  Proposed scenario
Acidification Potential kg SO, eq —-0.023 —-0.059
Eutrophication Potential kg PO4 eq —0.005 —-0.011

Global Warming Potential kg COz eq —4.155 —-0.524

Formation potential of tropospheric photochemical kg C,Hs eq —0.002 —0.008

oxidants

Abiotic depletion potential for non-fossil resources kg Sbeq —1.43E-05 —2.35E-05

Abiotic depletion potential for fossil resources MJ -0.005 —122.457
Depletion potential of the stratospheric ozone layer kg CFC-11eq  5.13E-07 —9.20E-07

In the business-as-usual scenario, most of the impact categories show a benefit to the
environment since it is understood, that the electricity and thermal energy generated from the
incineration of CLT material would replace conventional electricity production in Latvia,
according to the market for electricity mix in the Ecoinvent 3.6 database. In the proposed
scenario, even higher benefits to the environment are obtained, due to the still energy recovery
for 30.28 % of the leftover cuttings and the delivered avoided impact from new CLT modules.

Percentual changes of moving from a business-as-usual scenario towards the proposed one
are easily seen in Fig. 5.
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0% ]
-20% I l
2B |
-60%
-80%
-100%
Acidification  Eutropication Global Warming Formation Abiotic Abiotic Depletion
Potential Potential Potential potential of depletion depletion potential of the

tropospheric potential for non potential for ~ stratospheric
photochemical fossil resources fossil resources — ozone layer
oxidants

® Waste treatment in Business as usual B Proposed scenario (re-process)

Fig. 5. Characterization results.
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In general, the nowadays EoL stage or waste treatment of CLT delivers benefits to the
environment in almost all the impact categories assessed within the EDP method, but for the
ozone layer depletion one. Nevertheless, the proposed new set of activities that give birth to
new CLT panels reducing the amount of waste to be incinerated, aids to increase the already
delivered benefits in all areas except for the global warming potential, this as result of the
lower electricity production that would have eventually substitute the production from
conventional sources in the specific Latvian market. It is worth to notice that the GWP
benefits under the business-as-usual scenario is due to the fact of substituting energy
production from the local market by the energy recovery from a one hundred percent
renewable source such as wood. In all other areas benefits from the new approach surpasses
the original ones.

Regarding the proposed re-processing of CLT cuttings scenario, the adverse effects to the
environment are coming from the re-process activity, since the waste scenario is the same as
for the business as usual, thus resulting in an environmental benefit, and the new produced
CLT modules are considered as an avoided product. Under the evaluation of the proposed
scenario, it was found the main driver in most of the evaluated impact categories is the use of
polyurethane adhesive (Fig. 6), except in the ozone layer depletion one.

Depletion potential of the stratospheric ozone layer

Abiotic depletion potential for fossil resources

Abiotic depletion potential for non-fossil resources
Formation potential of tropospheric photochemical oxidants
Global Warming Potential

Eutrophication Potential

Acidification Potential

i

0% 20% 40% 60% 80% 100%

m Electricity (% contribution) m Polyurethane (% contribution)
Fig. 6. Environmental impact contribution per re-processing activity/flow.

4. DISCUSSION

Several studies regarding the environmental impact of using CLT as a substitute material
for concrete or just as a building material, from cradle to grave are found in the literature for
different geographic scenarios such as Australia [10], The United States [15], Europe [16]
and Japan [17] just to mention some. In most cases it is stated that the use of CLT is
advantageous as its main raw material can be linked to a renewable source, which promotes
Bio Energy Carbon Capture and storage, circular economy by implementing energy recovery
in the EoL stage, and in general, all LCA prove CLT to be environmentally friendly.

Still, the construction activities deal with a lot of cuttings that result in CLT material waste,
hence most of the quantitative environmental benefit linked to it that comes from the

68



Environmental and Climate Technologies

2021725

comparison with typical building supplies is now lost, and the benefit of CLT can only be
related to how it is disposed. In this work, a new way of dealing with CLT wastes from
construction sites is addressed to and evaluated using LCA and the EDP method to allow
comparison with the EoL stage reported in the EDP declaration for the CLT manufacturer in
Latvia case [18].

The results of conducted LCA show that eco-efficiency regarding CLT cutting reprocessing
is beneficial, as cutting re-processing allows for considerable amount of avoided product.
Data showed that re-processing consumes considerably less resources than new CLT
production in turn leading to lower environmental impact. Only impact category where
business as usual showed better results is global warming potential category, as explained
previously — this is due to thermal and electric energy recovery from business-as-usual waste
treatment. As almost 30 % of CLT cuttings goes to waste after reprocessing, proposed
scenario benefits from incineration activities as well. At this point CLT re-processing
technology is limited to 800 mm width dimensions and arguably it will not be viable to
process smaller cuttings, as this approach would increase the consumption and end
concentration of adhesive. As results (Table 4) show, greatest driver of impact in all
categories is PU adhesive. Literature shows that conventional adhesives like urea-
formaldehyde have significantly negative impacts on emissions, toxicity, eutrophication and
acidification. Even if most of EWP contain resins like urea-formaldehyde, environmental
impacts of EWP are lower than other types of building materials [19]. Nevertheless, as the
adhesive creates the biggest environmental burden, materials with higher adhesive amount
does as well. Hence from environmental point of view smaller cutting re-processing will not
be feasible.

Positive results regarding the reduction of environmental impact shows that CLT re-
processing technology should be explored further as it can potentially reduce the
environmental impact of all CLT industry. As mentioned in this paper, rapid growth is
predicted for CLT and another EWP. Building with CLT instead of concrete will allow for
construction industry to transition towards more sustainable model. Recent signals from
European Union [20] as well as older ones from United Nations [21] confirm the policy
changes regarding efficient material use and re-processing. Hence, developing technology for
CLT waste re-processing whilst the CLT technology is being developed itself corresponds to
21st century’s green approach and aligned with the European and global goals of achieving
sustainability and carbon neutrality.
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Abstract — Many authors have discussed the paradigm shift in economy from linear to
circular. Population growth and climate change caused resource scarcity are the main driving
forces of shifting to circularity approach. Although consumers have been slower regarding
transitioning to more sustainable economy, production companies are the ones who have felt
the scarcity of resources first. In this paper we are exploring cross-laminated timber (CLT)
production residue utilization possibilities for new product production and using multi-
criteria analysis calculating the most promising recycling alternative from the perspective of
companies working with wood as raw material. Data matrix for multi-criteria analysis was
constructed from literature analysis gathering data on five criteria: (1) production costs; (2)
energy consumption; (3) CO2 emissions; (4) product market price and (5) final product to
wood residues ratio. Multi-criteria analysis showed that production of mycelium insulation
material is the most promising alternative for CLT production residue recycling.

Keywords — Cascades; green growth; multi-criteria analysis; sustainable building; wood
residue
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UF Urea-formaldehyde -
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1. INTRODUCTION

Circularity principles in economy are gaining momentum with The Paris Agreement [1]
and the European Green Deal [2]. United Nations in their 2011 report advocated that
decoupling of economic growth from resource consumption along with the negative impact
on environment is a key to sustainable future. Every region has its limits on how much natural
resources can be extracted, nevertheless all nations have the desire to grow and develop [3].
It comes down to consumers and production companies to make more sustainable choices and
work on resource efficiency [4]. Bocken ef al. in her 2017 commentary published 9-year
keyword analysis on major global companies’ press releases, showing the gradual appearance
of words like ‘zero-waste’ and ‘resource efficiency’ [5]. Recent analysis on how small and
medium enterprises (SME) participate in the circular economy elucidated eight approaches,
with the main six:

— Maximize efficiency and productivity of material and energy;

— Increase the proportion of bio-based and renewable material use;
— Create value from waste;

— Develop industrial symbioses and transparent supply chains;

— Encourage sufficiency;

— Develop scale-up solutions [6].

For the SME to be able to adopt the abovementioned approaches research and development
is required. Another study by Zihare et al. elucidate the complex network of factors impacting
bioeconomy — network illustrates the links between research and development, technology,
and bioresource [7]. Another important driving force of innovation is policies [4], [7]. Major
sector regarding resource consumption is building sector. Global efforts are aimed towards
reduction of impact of building construction, exploitation and demolition [8]. Important
aspects in greener building, especially in construction phase, is the choice of materials —
materials made from bio-based raw materials [6], lightweight and easy to use materials result
in faster production times, reduction of overall impact of construction phase on the
environment [9]. National efforts of transition to greener building process include various
policies with varying tools in the form of stimulus or incentives. Nevertheless, it often comes
down to material producers and project developers to invest in green innovations, often
encouraged by social demand [8], [10]. It is important not only to create greener supply chains
of renewable raw material but to use the created production residues in other economic
activities, hence promoting resource efficiency [11]. Resource cascading principles imply
reuse, recycling, and recovery in the described order. When possible, production residues
should be reused as a raw material for the same product production where they were
generated. In this way the demand for new raw material would be reduced. If there are
technological limitations for production residues to be reused, they can be recycled —
transferred to a relevant recycling company or a company that can use it as raw material.
Recovery should be used only as a last resort when nothing else other than energy recovery
is possible [12]. Recycling is part of open-loop lifecycle — on this basis industrial synergies
can be created. Depending on the material, receiving companies may need to acquire license
for accepting waste in their plant [13].

Regarding building industry’s circularity (and sustainability) wood is still one of the most
promising raw materials. Although used for many centuries, wood has regained its popularity
due to its sustainability and physical properties [10]. Deeper understanding of the mechanics
behind timber strength along with stronger binders [14], [15] have led to engineered wood
products like fiberwood, particleboards, laminated beams [16] and cross-laminated timber
(CLT) [17].
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CLT is a promising construction material, its mechanical properties and renewable raw
material makes it attractable mineral building block replacement [17]. With today’s
technology it is possible to build midrise buildings using renewable laminated wood
constructions [9]. Building with CLT is a fast process due to its pre-fabrication possibilities.
CLT panels are made by gluing wooden planks together in cross-wise manner, as a result
large panels can be made and cutouts for openings like doors and windows can be made in
production plant, this approach makes working on site much easier. The downside of this pre-
fabrication is the generated cuttings — around 20 % of CLT panels are entering production
residue streams. Our previous work explored the environmental impact and possibilities of
reusing CLT cuttings for new CLT panel production. With the developed CLT reprocessing
technology, around 70 % of the generated cuttings can be reused for new full-size panel
production [18]. Work shows how industrial innovation would be applied in CLT production
plants allowing for CLT producers to operate in line with the circular economy principles
[12]. Nevertheless, to develop a full cascade for CLT production, it is crucial to explore the
possibilities for CLT residue recycling. As specific research on CLT residues have not been
done, in this work we will explore the options for other wood residue utilization.

CLT residues comprise sawdust from cutting and finger-jointing, and cuttings made from
cross-wise laminated planks. These larger cuttings (Fig. 1) have around 2 % of adhesive.
Today CLT is mainly produced using urea-formaldehyde (UF) or polymer iso-cyanine
adhesives like polyurethane [17]. UF resins cause toxic fumes, hence the use of polyurethane
can reduce the negative impact of the final product [19]. In addition, fatty acids in
polyurethane production can be replaced by renewable canola oil [17] reducing the negative
environmental impact of polyurethane itself.

Fig. 1. Cross laminated timber non-reusable cuttings.

With the emerging paradigm shift in economy from linear to circular [11], [20], [21], it is
necessary to work on full circularity of products. This research explores the possibilities for
full circularity of CLT production, ensuring recycling of production residues unsuitable for
reuse. In this paper we are exploring CLT production residue utilization alternatives for
various product production and using multi-criteria analysis to elucidate the most promising
one from the perspective of companies working with wood products.
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1.1. Materials from Wood Residues

Using production residues when primary raw material runs out is not anything new, wood
particleboards were mass produced during World War II when supply for sawn wood could
not meet the demand [22]. To achieve similar structural integrity to sawn wood, wood
particles are bonded together with formaldehyde, urea or phenolic resins. Despite
formaldehyde’s toxicity UF resin is the one that is most often used and particleboards are the
most popular wood-based composite [23]. Consumer demand for particleboards have made
this industry so profitable that good quality timber was used as raw material. Research have
shown that recycled wood raw material negatively impacts the mechanical strength of the
final product [24]. Only in recent decade companies are looking into steering away from
timber to wood residue as raw material [24], [25]. Lumber is the preferred choice of raw
material because it can be broken down into particles with necessary geometry and size. Wood
residues usually come in various forms — sawdust, dust or woodchip. Research have shown
that larger particles than sawdust are preferable in order to achieve better mechanical strength
of particleboard [26].

Popular wood-based panels are medium (MDF) and high (HDF) density fiberboards.
Annually around 9 million m® of fiberboards are produced in European Union alone [27].
Fine cellulose fibers are glued together with UF resin [28]. To acquire the cellulose fiber,
wood is treated using thermo-mechanical pulping during which cellulose is separated from
lignin. The overall strength of wood is compromised when lignin absorbs water, making it
easier to separate cellulose from lignin with mechanical force. Thermomechanical pulping is
carried out at ~180 °C temperatures and 60—-120 % humidity [29]. After fiber refining they
are dried to around 7 % water content [28].

Typically, MDF is made from production residues (e.g. green and dried sawdust, veneer
and plywood cuttings) of primary wood products — lumber and plywood. As plywood is made
from veneer sheets glued with UF resin in a cross-wise manner [28], [30] it can be speculated
that CLT cutting residues could be used for MDF production despite the varying directions
of wood grain.

Another material where wood residues can be used is thermal insulation composite of peat,
woodchip and hemp shaves (PWH) [31]. Material has been tested in laboratory setup on heat
conductivity, showing 0.056 to 0.060 W/(m-K) thermal conductivity. Benefits of this
technology implies that less energy is needed to produce it in comparison to medium density
fiberboards (MDF) or mineral wool. Curing PWH requires only 75 °C [31] temperatures
where MDF requires 175 °C [32], nevertheless, PWH requires 24 hours of 75 °C but MDF
only 275 seconds [31], [32] resulting in 3.36 MWh versus 0.02 MWh respectively. Another
thermal insulation material made from wood residue is mycelium based, with its first
iterations material was made from agricultural residues by cultivating specific fungi on it. In
addition to material’s excellent thermal conductivity of 0.039 W/(m'K), its light weight,
mycelium insulation material can be produced using less energy than PWH or conventional
mineral wool insulation as solar dryers can supply sufficient amount of energy for curing the
material [33].

Physical properties of wood make it an attractive building material, it can be used on its
own, for example in log houses [34], or as engineered wood in a form of a CLT [35] or in
composites as described above with thermal insulation material [31]. Relatively low density
of wood and its thermal properties makes it an excellent filler as wood ignition temperature
is in the range of temperatures used for brick burning. Burning bricks to cure them result in
sawdust filler burning, as a result density of the mineral blocks decreases, reducing the dead
load of final construction [36]. Heavy building loads are a safety issue in regions within
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Earth’s earthquake zones [36], in regions like Latvia reduced material weight leads to lower
emissions during construction phase as less energy is needed for transportation [37] and other
manipulations with the material. Recently researchers have been exploring the benefits of
polypropylene and wood composite materials. By placing the wood sawdust in specific areas,
material with disparate stiffness in its sections can be achieved. At this point it is expected
that this kind of material could be used in snap fit parts in connections or quick release parts
[38]. This kind of parts could be used in products compliant with eco-design principles [39]
replacing polypropylene with biodegradable plastic like polylactic acid.

Solid fuel in the form of wood pellets can be produced from various wood residues [40].
Although, wood burning is considered more sustainable, it generates considerable amount of
CO, emissions. Each generated GJ of energy from wood pellets releases 11.76 kg COseq in
the atmosphere [41].

In line with the European Union’s Green Deal and global trends of circular economy and
resource efficiency, it is important for companies developing new products to utilize their
production residues in the best possible way. In this work we are exploring potential
opportunities for CLT cutting recycling into four alternatives — medium density fiber-board,
mycelium thermal insulation material, particleboard, or solid fuel. All the alternatives have
their benefits and downfalls, hence multi-criteria decision making tools will be utilized in
order to find the best alternative. Our goal is to elucidate the best possible alter-native for
CLT cutting use according to expert opinions and literature analysis.

2. MATERIALS AND METHODS

2.1. Criteria and Data Gathering

Products were analysed from green economy perspective, hence criteria that would
represent it was chosen. Overall, five criteria:
1. Production costs;
2. Energy consumption;
3. CO; emissions;
4. Product market price;
5. Final product to wood residues ratio were chosen.

Values for analysed criteria were gathered from scientific literature, market data [42] and
life cycle inventories [43], [44] on the chosen products.

Production costs included energy, raw material, and labour costs to produce one metric ton
of the product. Energy consumption and CO emissions during production process of one
metric ton of product was calculated from energy consumption and source (grid or
cogeneration). ‘New product to raw material’ criterion represented the extra material needed
for the production of new product (one of alternatives). Ratio of new product to raw material
also represented how much of the raw material originally used for production could be
replaced with wood resides. Product market price represents value what the consumer pays
to acquire the material from market.

Data were gathered from life cycle inventories and other works. In case of life cycle
inventories of PB and MDF data were reflected using functional unit or one square meter,
hence values were converted to tonne using material density.

2.2. Multi-Criteria Decision Making

Many multi-criteria decision-making (MCDM) methods have been developed to provide
decision makers with tools based on mathematical logic. All MCDM methods have some
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subjectivity aspect to them and many MCDM methods provide different results as shown by
Zlaugotne et al. [45] Siksnelyete et al. recognized Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) method as the one having the most benefits in
comparison to PROMETHEE, PROMETHEE II, VIKOR, WASPAS, WASPAS-G and Fuzzy
Sets. AHP had the second best benefit count [46]. In addition, Lee ez al. 2012 have used AHP
specifically for technology transfer adoption in companies, hence showing the compatibility
of AHP to organizational decision making [47]. In this work we are looking for the best
alternative closest to the ideal solution, hence TOPSIS was chosen in combination with AHP.
TOPSIS method not only elucidates the best alternative but gives the closeness to the ideal
solution coefficient [48]. Hence, by using TOPSIS more detailed picture of ‘How ideal all the
alternatives are’ can be acquired. To acquire weights for TOPSIS, Analytical hierarchy
process (AHP) was used. AHP is one of the most widely used MCA methods because it allows
to easily compare criteria with each other [49]. In this work, the Saaty's scale was used to
compare the criteria, in which nine degrees of importance were verbally denoted, indicating
the importance of one criterion over another. The scale of nine ratings starts with 1, which
stands for equal importance, and ends with 9 which stands for extreme importance [50].

To evaluate the importance of each criterion, experts with experience on CLT production
were asked to rate reciprocal relations of criteria. For evaluation, experts were acquainted
with Saaty’s scale and criteria plotted in Excel to generate questionnaires for experts to fill.
Questionnaires were sent out via e-mail.

The acquired ranking was used in AHP in order to calculate the normalized eigenvectors
representing the importance of each criterion [50]. Criteria and their ranking were plotted in
Excel in a comparison matrix as shown by Delvere ef al. [51]. Consistency ratio <0.2 was
determined, and the calculated weights were used in further MCA.

AHP was used in combination with TOPSIS.

TOPSIS decision-making method was based on previously calculated weights for AHP, and
data collected from the literature. Four alternatives for CLT residue utilization were
considered:

— MDF;

— Mycelium insulation;
— Solid fuel;

- PB.

For comparison, the considered alternatives and their criteria were arranged in a decision-
making matrix and the matrix data were normalized, Eq. (1).

Alvir o vz g
A|va v vy vy s (D)

A3\ vy vy vz vy
Ay Va1 Var Vaz Vs

where A, alternative uses of wood residue, v, criteria, normalized matrix.

The obtained normalized values were multiplied by the weights obtained by AHP and the
distance of each criterion to the ideal solution was determined.

Sensitivity analysis was conducted to evaluate robustness of the TOPSIS results. To
compare sensitivity of the assigned weights (), Li et al. described TOPSIS method was used
[52]. Changes in the importance of product market price was calculated by introducing unity
variation Bpm that represents the changes in product market price weight. After changes the
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product market price weight (o’pm), all the other criteria weights (w) were recalculated
according to:

(,0’ = 7(01
U (=) Op
O = Opm “Vpm (2)
1+ (Ypm = 1) Opy
co'H = O
1+ (Ypm =1 0py

where
®’pm Product market price criteria weight after changes;
@’y Other criteria weights after changes in ®pm;
Ypm Initial variation, calculated according to:

Bpm - Bpm " Dpm
Ypm = —, 3)
P 1- Bpm *Opm

where Bpm unity variation, calculated according to:

()
Bom =—. 4)
(me

In addition, sensitivity on the production costs of the ideal CLT cutting recycling alternative

was conducted.

3. RESULTS

Based on the conducted AHP weights for criteria of wood residue, recycling was calculated
and used in TOPSIS analysis to elucidate the best alternative from companies working with
CLT perspective.

According to expert evaluation, production costs are the most important when considering
potential applications of wood residue. Production costs are followed by product market price,
and wood residue to new product ratio. Results of AHP are shown in Fig. 2.

New product of 1t wood residues
Product market price

CO, emissions
Energy consumption of production
Production costs

0.00 005 0.10 0.15 020 025 030 035 040 045

Fig. 2. Weighed criteria. Weights of criteria are determined using analytical hierarchy process un input form expert
interviews. The sum of all weights is equal to 1.
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Calculated weights were used for TOPSIS analysis as described in section 2. Data matrix
of alternatives and their corresponding criteria are depicted in Table 1. along with calculated
weights.

TABLE 1. DATA MATRIX WITH CONSIDERED ALTERNATIVES (4x) AND CORRESPONDING DATA OF

WEIGHED CRITERIA (Xy)

(1) Production  (x;) Energy (x3) CO, (x4) Product (xs) New product to

costs consumption emissions ~ market price ~ wood waste ratio
Criteria weights () 0.41 0.11 0.07 023 0.19 Reference
Units €/tonne MWh/t kg CO,/t €/tonne t
(4:) Medium density
fiberboard 250 1.6 1088 586 0.9 [42], [44]
() Mycelium = o0 0.28 47 140 0.9 [42], [53]
insulation material
(43) Solid fuel 113 0.02 38 204 1 [42]
(A44) Particle boards 147 0.77 150 350 0.9 [42]

Note: ' Weights calculated with analytical hierarchy process approach.

TOPSIS approach elucidated the mycelium thermal insulation material as the most
promising wood residue utilization option and MDF production as the least preferable option
(Fig. 3). Mycelium thermal insulation gained closeness coefficient (CC) of 0.65 to the ideal
solution. According to expert evaluation and literature data, solid fuels gained CC of 0.59
showing that solid fuel production is still closer to ideal than non-ideal solution. Nevertheless,
when raw material cascades are considered, burning the by-product is considered as the least
preferable option, especially if the by-product could still be recycled for other purposes [12].

5§07
206
2

3 0.5
S 0.4
€03
B

£02
£0.1
=0

MDF Micelium Solid fuel PB

thermal
insulation

Axis Title

Fig. 3. Multi-criteria analysis results, showing options considered and their proximity to the most preferable alternative
represented on y-axis. (PB-particleboard; MDF- medium density fiberboard).

Sensitivity analysis of criteria weight showed the similarity of two preferable options —
mycelium thermal insulation and solid fuel. By changing the weight of product market price
according to unity variation Bpm, mycelium thermal insulation material and solid fuel
alternatives experienced the same trend. When the weight of product market price doubles,
these two alternatives lose their positive proximity to the ideal solution. MDF experience
mirrored trend to mycelium thermal insulation and solid fuel alternatives, but PB is the least
impacted by the changes in product market price.
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Fig. 4. TOPSIS results sensitivity analysis. Sensitivity analysis is conducted by changing weight of product market price
and re-calculating the rest of assigned weights. X-axis depicts magnitude () of change of product market weight and
y-axis depicts the closeness coefficient of all alternatives to the ideal solution.

Additional sensitivity analysis on product market price change was conducted to evaluate
how the most ideal alternative — mycelium thermal insulation material’s closeness coefficient
to the ideal solution and how the closeness coefficient of other alternatives would be
impacted. A step of 10 % change was chosen and results are depicted in Fig. 5. Despite of the
product market price reduction of 50 %, mycelium thermal insulation was still the most
preferable alternative, gaining greater distance from the second best alternative — solid fuel.

0.80
070 M
0.60
050 C—C—o0t—0—opn—o0—0—"0— 00— oo
0,40 ——r——o—o¢—¢—0—0—0—0—0—0

0.30
0.20
0.10

0.00
-50% -40% -30% -20% -10% -5% 1 10% 20% 30% 40% 50% 60%

e=@==Medium density fibreboard e=@==Mycelium thermal insulation

Solid fuel e=@== Particleboard

Fig. 5. Sensitivity analysis on mycelium thermal insulation’s market price change on the closeness coefficient to the ideal
solution change.

As production costs were the only criterion where mycelium thermal insulation material

took the lead from the start, sensitivity analysis was conducted to find out how big should be
the changes in mycelium thermal insulation production for the material to lose its most
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preferred rank. Sensitivity analysis on mycelium thermal insulation production cost (depicted
in Fig. 6) show that 60 % increase on production costs would make mycelium alternative less
desirable as solid fuel production.

0.80
0.70

0.60 \\\

0.50 L ——

>———————O——O———— O

0.40 o
@

{_
-
0.30

0.20

0.10

0.00
-100% -80% -60% -40% -20% 1 20% 40% 60% 80% 100%

e=@==Medium density fibreboard e=@==Mycelium thermal insulation

Solid fuel e=@== Particleboard

Fig. 6. Sensitivity analysis on mycelium thermal insulation’s production cost changes.

4. DISCUSSION

Objectives of this paper was to conduct literature analysis on existing wood residue
recycling technologies and compare them from the perspective of the company generating
CLT residues. Although specific CLT residue utilization alternatives have not yet been
published, in this paper we explored known wood residue utilization options. PB and MDF
alternatives had closest proximity to un-ideal solution when analysed from the perspective of
CO; emissions and economy. In addition, there might be technical limitations of CLT
recycling into specific dimensions of chips and fibers due to heterogeneous nature of CLT
layers [17].

Conducted analysis showed that the most energy intensive solution — MDF production, is
the least preferable one as well. Energy intensive production process is reflected in CO,
emissions more than seven times higher than PB production, this is due to the required MDF
setting temperatures that are 20 °C higher in comparison to PB production. In addition, wood
fiber separation required steam, making it energy and water intensive process.

Amongst considered alternatives for wood residue use the mycelium insulation material
was recognized as the best, despite it having the most preferable result only in one criterion
— production costs. According to sensitivity analysis, production costs of mycelium thermal
insulation material would need to increase by 60 % in order for it to lose its preferability over
solid fuel production. As a second best alternative solid fuel was elucidated. It is
understandable as wood pellet production requires almost no other raw material and relatively
small energy consumption. Nevertheless, wood pellets generate 205.8 kg of CO, emissions
per tonne during exploitation. On the contrary, the rest of considered alternatives provide
carbon storage during their exploitation phase. As shown in the introduction of this paper,
energy recovery is the very last step in cascading. To make the CLT production as sustainable
as possible, production residues should be recycled if possible. In case of mycelium insulation
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material, it could be used for energy recovery at its end-of-life cycle, as a result prolonging
CLT residue life cycle.

This research provides insights into promising CLT residue recycling options. Although
MCA elucidated mycelium insulation material the most promising alternative, practical
research is needed to test capabilities of various fungi to grow on timber with polyurethane
residues.
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Abstract — Today cold chain transportation has become more important than before, as
countries rely on cold chain logistics to store and transport SARS-CoV-2 vaccines and other
temperature-sensitive goods. The cold chain is usually associated with the use of
non-renewable materials and higher energy consumption than the regular supply chain. An
important part of cold chain sustainability is thermal packaging. Up to now one of the most
popular thermal packaging materials is polystyrene — made from fossil raw material.
Polystyrene has low thermal conductivity and density, but it breaks down into micro- and
nano plastics when exposed to sunlight making it environmentally unsustainable. To
determine which factors are important for cold chain regarding thermal packaging, 12
criteria were compared to determine their ranking. Further multi-criteria analysis was used
to compare polystyrene to four alternative biodegradable thermal packaging options:
mycelium-based, corn starch, non-woven wool, and non-woven feathers. Polystyrene gained
only 3" place with a 0.70 proximity to ideal solution 1, but non-woven wool showed the best
result with 0.88 proximity to ideal solution.

Keywords — Cold chain; logistics; non-woven materials; sustainable packaging;
polystyrene

1. INTRODUCTION

Temperature sensitive products have been challenging commodities as their transportation
requires more energy and resources. In many cases temperature monitoring is required to
guarantee the quality of the product. Commodities like meats [1] can spoil if temperatures
rise, vaccines require even stricter temperature regimes as they can lose efficiency when
exposed to higher or lower temperatures than recommended [2]. In both cases temperature
fluctuations out of the required range require recall of the product. This can be very expensive
and sometimes life threatening [3] in case of vaccines and first aid kits.

Temperature sensitive product logistics require cold chain — continuous low temperature
regime from storage after production to transport and final storage before getting to the end
consumer. Usually, logistics managers are responsible that the cold chain is not broken at any
point, ensuring the required temperature regime. Additionally, there are costs, CO, footprint
and other factors that need to be considered when cold chain logistics is being developed.
There are multiple aspects logistics management need to consider — required temperature
regime, available infrastructure, time frame and available financial resources [4]. In every
case risk assessment needs to be conducted and precautions weighed. Multiple tools can help
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to ensure efficient product transportation - the Global Positioning System [5] along with
temperature logging [3] can provide real-time information on the location and temperature of
the product. Temperature logging can provide information, but in no way, is it a tool that can
impact the situation, it only helps to elucidate the weak points in the cold chain. Temperature
fluctuations of transported goods can be prevented by using dry ice or cold packs [3] and
thermal insulation packaging [6].

All the above mentioned equipment and tools impact the carbon footprint of the whole cold
chain. The most popular thermal insulation material used in temperature sensitive product
transportation is polystyrene [41] — styrene is synthesized from ethylene and benzene and
then polymerized [7], [8]. Ethylene and benzene are chemicals acquired in petroleum refining
process [9] making polystyrene a non-renewable polymer. In addition, its carbon footprint is
considerable making up 64.98 kg of COjq per m®> expanded polystyrene with thermal
conductivity of 0.031 W/m/K [10]. Polystyrene has a negative impact on the environment not
only in production process, but at the end of its use as well. Song et al. experiment results
show that polystyrene can lose its mass for as much as 5 % after a month of exposure to the
sun and outdoor weather, nevertheless polystyrene’s mineralization can take hundreds or even
thousands of years [11]. This polymer breaks down when exposed to UV light, natural
exposure from the sun is sufficient for polystyrene to break down in microplastics and even
nanoplastics [11]. In this form it is dispersed in natural bodies of water where it is ingested
by marine life and ends up in the food chain leading to humans [12].

To address the environmental issues regarding cold chain and logistics overall, green
logistics approach has been implemented. Green logistics deals with reduction of the negative
aspects of goods transportation — like noise, air pollution, greenhouse gas emissions,
accidents resulting in wastage and so on [13]. In many companies the necessity for
temperature sensitive product transportation is so rare that it is outsourced, leaving the
decision making regarding packaging, vehicles and the rest of logistics in the hands of another
company [14]. According to Lammgard and Andersson (2014), around 70 % of companies
claim that the environmental aspect is important when outsourcing the transportation service
for their goods [15].

The World Health Organization (WHO) has recognized the impact of global vaccine cold
chains on the environment. Inefficient fuel use, poor quality insulation of buildings, fossil
fuel use and many more factors contribute to a negative environmental impact [16]. Packaging
has been recognized as another important contributor to the negative impact on the
environment, hence the WHO is in search of more sustainable packaging regarding vaccine
logistics, including thermal packaging used for temperature sensitive product shipment [17].

Already 10 years ago corn-based packaging was highlighted by the WHO as a sustainable
choice in vaccine transportation [17]. Today there are companies like ‘Greencellfoam’ [18]
that offer biodegradable solutions made from corn, this material is often provided by logistics
companies under a generic name — starch-based packing peanuts. The technology behind
starch-based packing peanuts is similar to polystyrene extrusion. Usually, some kind of
blowing agent (air or supercritical CO») is used to enable air bubble production in the extruded
material [19], [20]. Although this material is completely compostable with lower negative
impact at the end of its life in comparison to conventional plastic foams, it is denser [19],
hence more expensive to use in air cargo shipping. In addition, the hydrophilic properties of
starch-based foams make them prone to size reduction in humid environments and even
dissolving if the material comes in contact with water. To counteract the hydrophilic nature,
there are attempts to merge starch with small amounts of plastics, as this reduces the carbon
footprint in comparison to conventional plastic foams while increasing the product water
resistance [21].

383



Environmental and Climate Technologies

2021/25

Another commercially available thermal insulation material for packaging use is mycelium
based. ‘Ecovative’ were the first pioneers leading this material to the market in 2007.
Agricultural and wood waste can be used to produce mycelium-based insulation material [22].
As seen in nature, fungus weaves through the substrate and interlocks the substrate particles
in a rigid structure. This can happen due to fungus morphology — its cells are making
filamentous structures called hyphae — these strand-like structures allow for fungus to connect
with each other and create a network [23]. Substrate locking with hyphae can result in stiff
material with better strength than polystyrene. In addition to mycelium-based materials
produced from agricultural and wood waste being biodegradable, production technology
consumes considerably less energy than polystyrene production - 652 MJ and 4667 MJ,
respectively [22]. The downside of mycelium insulation materials is production time as it is
limited to the slow growth of mycelium [24].

Another thermal insulation material produced from waste is feather insulation found on the
market under the brand name of ‘Pluumo’ [25]. In the European Union alone around 3 million
tonnes of feather waste are created from poultry farms annually. Feathers contain natural
fibers that can be used in non-woven form to achieve low thermal conductivity of 0.030
W/m-K providing better thermal insulation than polystyrene foam. Feather insulation has the
same weakness as other thermal insulation materials already discussed — water. The fibre
structure makes it easy for water to seep into the material with capillary forces [26]. Hence
waterbirds constantly preen their feathers with a waxy secretion to make them water resistant
[27]. Plucked and processed feathers lose their coating making them prone to water
absorption. The weak spot of thermal packaging from feather mat is the base of the box where
all the weight of transported goods is pushing down — reduced thickness of feather mat greatly
impacts the quality of packaging by increasing the thermal conductivity [26]. A similar
material prone to the same problem is made out of sheep wool — on the market under the name
‘Woolcool’ [28]. Although the macroscopic structure of wool is different from feathers, it is
made of the same protein fibers called keratin, making the material hydrophilic. Like the bird
uropygial gland, sheep have glands on the skin that produce waxy substance called lanolin,
impregnating the wool to make it water repellent. Sheep wool has good thermal insulation
properties of 0.033 W/m/K [29].

As shown above, there are multiple new and innovative thermal packaging solutions on the
market, but none have been as successful as polystyrene boxes. There are many criteria that
logistics management need to consider while choosing the right packaging. Some of the more
environmentally sustainable packaging solutions provide more efficient thermal insulation
than others but all fall short in some respects, hence it is necessary to elucidate the most
important criteria evaluated from the industry’s perspective that is dealing with temperature
sensitive product transportation. In this paper we are using pairwise comparison to determine
the most important factors regarding thermal packaging from the perspective of logistics
managers in Latvia’s biotechnology, pharmacology, and fine chemical enterprises.

2. METHODS

2.2. Criteria identification

Initial criteria for thermal packaging comparison were identified in open interviews with
representatives of companies working in the pharmaceutical and fine chemicals and logistics
field. By allowing representatives to answer to open questions like ‘How is thermal packaging
chosen?’, criteria and their indicators were elucidated. In many cases it became clear that
industry is not using numerical indicators for each criterion. For example, criterion

384



Environmental and Climate Technologies

2021/25

‘sustainable’ was often described as non-fossil raw material without any numerical value
assigned to the corresponding criterion. Further, literature and product data sheets were
analysed to validate the criteria. The analysed product data sheets contained information
based on performance, for example, hours held in temperature below +8 °C [25], [28], [30],
indicators like thermal conductivity and density were found in scientific literature on
corresponding materials [19], [22], [26].

2.3. Weighing

To determine the importance of 12 criteria, pairwise comparison was conducted. As it is
impossible for humans to grasp the reciprocal relationships of 12 criteria at the same time,
the method for pair analysis was chosen. Using this approach, experts were asked to compare
only two criteria at a time, each expert did a total of 66 comparisons. Comparison was done
verbally as suggested by Saaty er al. 2010 [31] by determining, is one criteria equally
important as the other, less important or more important. After verbal comparison, numerical
values were assigned to each compared pair using a scale of 1 to 9. In the chosen scale 9 was
signifying very high importance, 6 — strong to very strong importance, 3 — moderate
importance and 1 — equal importance [32].

TABLE 1. THERMAL PACKAGING CRITERIA USED FOR PAIRWISE COMPARISON

Criteria Description

Odour Material has no considerable scent

Resist: i . . L . .
csistance o Material does not dissolve or get damaged to the point it loses its thermal resistance

humidity

Vapour Sq value of thermal insulation material. Represents the resistance to water vapour taking up certain
resistance, m air layer thickness [m]. Mostly relevant for shipments with dry ice

Branding

. Material can be printed on
opportunities

Sustainability Raw material of thermal packaging is renewable

Ability to hold Packaging can hold specific temperature for more than 24 hours. Criterion represents in situ
temperature, measurements of temperature in relevant environment and packed test goods — representing goods
hours that would be transported.

Thermal In line with this study, 0.04 W/m/K was considered the threshold for thermal conductivity to be
conductivity, considered low. Thermal conductivity characterizes the material by its ability to conduct heat
W/m/K energy. Heat energy is always transferred down the gradient.

Reusability Material can be re-used multiple times

Available in
multiple sizes

Price, EUR per
391 box

Multiple dimension options are available

Per packaging solution

Durability Material can be used without supportive tertiary packaging (e.g., cardboard box)

Density, kg/m? Weight to volume ratio of packaging solution

Overall, 10 questionnaires were disseminated among the identified pharmaceutical and fine
chemical industry enterprises in Latvia, including big companies like Grindex and Olainfarm.
It was expected that the approached companies were heavily impacted by the global
pandemic, only five responded and three were eligible to questions as companies made their
own decisions regarding temperature sensitive product logistics. Two companies outsourced
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this service hence were unsuitable for multi criteria analysis and criteria comparison,
nevertheless their reported practice will be discussed in the Results part of this study. The
chosen companies assigned the questionnaire to logistics team experts within the company.
All the criteria experts comparisons are compiled in Table 1.

Mathematically all the chosen criteria are plotted on a matrix and by solving them,
eigenvalues can be found. These values, also called eigenvectors, represent the importance of
each criteria — a higher value means higher importance in the final decision. Indicative
eigenvalues were calculated in Microsoft Excel [33] and used for further analysis. A
consistency threshold of 0.2 was used, as done before [34] when multiple stakeholders were
surveyed.

2.4. Multi criteria analysis

To compare thermal packaging materials, Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS) was used. TOPSIS allows to compare multiple options by multiple
criteria. The first stage of TOPSIS was gathering data set of indicators for each thermal
packaging material. Data were acquired from product data sheets [25], [28], [30] and patent
claims. In the second step, normalization of indicators was performed. Values were weighed
based on responses from experts as described in section 2.2. In the next step normalized
values were weighed, directions of vectors and their proximity to desirable and avoidable
results were calculated. The final step was to calculate the proximity to the ideal solution
represented by a value of 1 [35].

TOPSIS methodology was chosen because it requires only a few indicators, while providing
comparable data to draw conclusions. For further multi-criteria analysis, only criteria with
comparable numerical values were chosen, reducing the number of criteria from 12 to 5.
Chosen criteria were density, thermal conductivity, environmental sustainability, ability to
hold temperature, and price. Criteria like odour, availability in multiple dimensions were
determined as on-off type of criteria — if material would have considerable odour, it would
not be used, the same with availability in multiple dimensions — most of the companies needed
the thermal packaging to be available in at least 3 different sizes. Cases where the thermal
packaging producer does not offer multiple sizes, the product was not considered further.
Resistance to humidity and vapour resistance are both important for certain kinds of
transportation — transportation where there is a high humidity risk e.g. transportation with ice,
and transportation using dry ice accordingly. Reusability and durability were excluded as
expert principles for determining material’s accordance for reuse differed. Durability as
material’s ability to be used without supporting cardboard box was excluded from further
analysis as this option was rarely used by experts in their represented companies.

The basic assumption of TOPSIS methodology is that the most preferred solution is one
with the shortest distance to the desirable result and greatest distance from the result to be
avoided. Multiple innovative packaging materials along with conventional polystyrene were
compared regarding five criteria.

3. RESULTS
3.1. Importance of criteria
Weighing process using pairwise comparison of all 12 criteria gives an overall look on

the importance of each criterion in relation to the rest. The results of weighing are shown
in Fig. 1.
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Fig. 1. Weighed criteria in ascending order regarding their importance.

Interestingly, enterprises with specialty in fine chemicals and companies using thermal
packaging for internal use, like sample transfer among branches, expressed the importance of
reusable packaging. In these cases, companies are preferring thermal packaging that can
withstand at least 10 application times. On the contrary — pharmaceutical companies claimed
that packaging was used only one time, as its visual appearance after one use is no longer
suitable for medication.

To compare the thermal packaging options available on the market, only five criteria were
chosen for further analysis. Criteria like neutral smell was excluded as none of the materials
available on the market reported to have a scent and this would be only an on-off criteria.
Availability of dimensions was not analysed as experts from different companies were
interested in various sizes, making this criterion specific to each case.

Water resistance was considered as being an important criterion, but it covers a lot of
aspects: (1) water absorption; (2) water release after absorption; (3) whether material stays
intact after being exposed to water. The third aspect is very important, at the same time it
should be considered for each specific case. For example, corn-starch foam could be the most
preferred option for shipping electronics, as it can absorb mechanical shock and protect the
goods, but as it dissolves in water, it cannot be used in shipments with higher humidity, e.g.,
iced products, as humidity would destroy the packaging. At the same time water resistance is
not important in the case of electronics as usually the cargo is protected from such and in
cases where the cargo is compromised by water, the shipment is recalled.

Additionally, criteria for durability were excluded along with vapour resistance, repeated
use, and graphical identity. Vapour resistance was excluded as it is most important for
shipments with dry ice and companies are avoiding this shipping option due to the hazardous
nature of dry ice. Each company considered various re-use times as optimal — experts from
testing laboratories and other companies who use the packaging only internally admitted that
they reuse the packaging at least ten times and it can look quite scuffed but its functionality
is the most important. On the contrary, pharmaceutical companies used the packaging only
one time as its visual appearance was compromised after use. Graphical identity was the least
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important criterion and similarly as scent — it is an on-off criterion, so it was left out of further
analysis. Criteria chosen for further analysis were weighed and results are depicted in Fig. 2.

Thermal conductivity
Ability to hold temperature
Environmental impact
Density

Price

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Fig. 2. Chosen quantitative criteria and their weights showing the importance of each criterion in the final decision
making.

As shown above, after narrowing down to five criteria, price, and ability to hold temperature
took a considerable lead as being the two most important criteria, they together accounted for
more than a half of the impact on the final decision.

3.2. Most preferable material

To evaluate the most preferable ‘green’ thermal packaging available on the market, four
products were compared to polystyrene packaging. Using previously determined weights, the
following thermal insulation materials were compared: non-woven feathers, non-woven wool,
starch foam, mycelium, and polystyrene (Fig. 3).

1

0.8

0.6
0.4 I
02 I

0 I

Feathers Wool Starch foam Mycelium Polystyrene

Fig. 3. Technique for Order of Preference by Similarity to Ideal Solution ranking of thermal packaging materials. Y axis
represents the proximity to ideal solution 1.

Among the thermal packaging options, the closest proximity to ideal solution (represented
by 1 on Y axis in Fig. 3) by applying TOPSIS method was assigned to non-woven wool

followed by feathers and polystyrene, the lowest rank was assigned to starch foam and
mycelium was second-to-last in the ranking.

4. DISCUSSION

The findings of the study show that price is the most important factor when choosing
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thermal packaging for temperature sensitive pharmacology and fine chemical applications.
Nevertheless, performance of holding temperature in a specific range was the second most
important criterion in the reduced criteria set. Among obvious factors like density and
availability in multiple sizes, the scent of the material was elucidated as a factor of
considerable importance. Experts explained that material cannot have any strong odours to
be used as thermal packaging. Concern that scent might linger and compromise the neutral
scent of product itself was expressed.

Due to the high number of criteria analysed, a consistency ratio of 0.2 was chosen [34],
although according to Saaty [31] 0.1 is considered as the optimal threshold. Saaty’s approach
is based on crisp values — criteria can be ranked in linear order. Authors like Ju [36], Ishizaka
and Nguyen [35], and recently Lin [37] have argued that humans cannot comprehend complex
relationships between many criteria and fuzzy numbers should be used for more
representative comparison. Fuzzy values are characterized by coordinates representing area,
opposite to crisp values representing vectors with one direction.

Inconsistencies in this research mainly arose from the unrealistic evaluation of the
importance of the sustainability criterion — when other criteria were compared to the
sustainability criterion, higher importance was assigned to sustainability, however, when
sustainability was compared to other criteria its importance was scored lower, hence the
inconsistency.

Analytical hierarchy process was conducted according to Satty’s principles with crisp
values, as fuzzy values have not yet gained consensus amongst the mathematics community
[38]. Nevertheless, inconsistency level and data analysis showed experts struggle to prioritize
sustainability versus price and other criteria, criteria used for choosing thermal packaging at
this point might not have a consistent hierarchy at all. Environmental aspects are important
as shown by survey that showed — around 70 % of enterprises claim that environmental
aspects often signified by environmental certification is an important factor when considering
transportation services [15], however the results show a different situation. In a single case,
one logistics company expert explained that a company can boost its environmental
performance by reducing the administration’s impact on the environment, like — reduce the
printed paper amount and implement other office-oriented policies. The example shows that
environmental certificates do not always manifest the transportation part of the business and,
although sustainability is important, at this point it is hard to determine the hierarchy of
sustainability and price and other criteria.

Another finding in this study confirms that industry values higher the actual in situ
performance over laboratory tested attributes. Actual performance measured by hours the
material could hold the temperature in a specific range was twice as important as thermal
conductivity. Final performance or ability to hold temperature is dependent on thermal
conductivity, specific heat capacity and thickness of the insulation layer. As discussed above,
even deformation of the thermal insulation layer can impact the ability to hold temperature,
soft materials like wool and feather get compressed under the weight and their thermal
conductivity increases, seeing their performance in a real life situation can help to evaluate
overall performance. As discussed before, time is crucial for the quality of many products,
e.g., meats and vaccines [1], [2]. Overall performance of the thermal packaging is impacted
by thermal conductivity [22], heat capacity [39] and, in some cases, vapour resistance [22].
Performance tests in +30 °C temperature surroundings are preferred, final packaging
performance is impacted not only by thermal insulation layer properties, but the product and
the chosen cooling agent as well. So-called gel packs are ubiquitous cooling agents, hence
performance testing is conducted by using gel packs for maintaining temperature levels[6].
Thermal packaging-producing companies have discovered the importance of time and depict
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multiple temperature regime tests in their datasheets [28]. The World Health Organization
has developed an independent type-testing protocol for thermal packaging in various
conditions for various cold and hot ambient temperatures [40]. For thermal packaging
producers these guidelines only serve as advice for the testing setup — weight and dimensions
for tested thermal insulation packaging were not specified in any of the analysed data sheets.
Avoiding factoring in weight might lead to completely different results while in use, as
mentioned before, deformation of packaging can lead to compromised thermal resistance.

Despite polystyrene’s popularity, our research shows that thermal packaging made from
expanded polystyrene is not the most preferable choice when compared to some
environmentally sustainable thermal packaging options. Two products — ‘Woolcool’ and
‘Pluumo’ outperformed polystyrene packaging when compared in price, density, ability to
hold temperature, environmental impact, and thermal conductivity. Our research elucidates
the discrepancy between theoretically preferable and actual choices made by logistics
managers. Results signal that environmentally preferable solutions have caught up
conventional packaging and it is worthwhile for logistics managers to consider switching to
new thermal packaging solutions. Multi criteria analysis using crisp numbers could be used
by logistics managers to decide on the most preferrable thermal packaging option. Although
this paper provides general results regarding most preferable thermal packaging, each
company can tailor the weights of criteria to align them with company values. Consequently,
research teams developing sustainable alternatives to conventional thermal packaging
materials could use the weights calculated in this study to gain perspective on respective
material’s performance regarding industry needs. Although sustainability criterion is
important, according to calculated weights — price and ability to hold temperature prevails.
Although ability to hold temperature will not lose its importance, the price criterion will
continue to be impacted by green initiatives and the national natural resource tax.
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ARTICLE INFO ABSTRACT

Keywords: The transition to a sustainable bioeconomy by a customized approach would speed up its development and make
Bioeconomy it more targeted. There is still no common international method for determining, measuring and comparing the
Indicators extent of sustainability. The aim of this research is to develop a methodology for the assessment of bioeconomy-
Sustainable development : . s . . . f
Benchmark influencing factor interlinkages, and creation of benchmarks through a top-down approach. The main output is
MCDA the assessment of factor interlinkages that could be further used for composite index creation. A case of triple
factor nexus is presented: policy, research and innovations, and technology nexus for EU countries. As a result,
the empirical model presents the mathematical description of policy, research and innovation, and technology
link benchmark.
Introduction There have been studies that identified bioeconomy principles, drivers

Global transition towards sustainable development has been one of
the major goals of recent years [1], which has led to the development of
national or regional bioeconomy strategies [2]. Bio-based economy
could be one of the main instruments for such transition, although
critical views have been raised in scientific publications about how truly
sustainable a bioeconomy is [3,4]. Research and innovation has a sig-
nificant role in stepping closer to sustainable development, for example,
the EU Horizon 2020 programme investments to support bioeconomy
reached €4B in the period 2014-2020 [5] and investments by the Bio-
based Industries Joint Undertaking reached €3.7B [6]. Several factors
impact the development of bioeconomy, for example, at the outset,
biotechnology was assumed to be bioeconomy’s main driver [7]. While
it is one of the factors that should be taken into account [8], focusing
only on biotechnologies would not lead to successful development [2].
Currently the main focus is on the agricultural and forestry sectors and
sustainable development, but there is no one best way for bioeconomy
development. There is still no common international method for deter-
mining, measuring and comparing the extent of sustainability [9].
Several methods have been developed and all are based on three main
pillars of sustainability - environmental, economic and social. Although
this is the fact, the exact criteria and factors used in each sustainability
assessment method are different and the results are not comparable.

and distinctive visions of strategies, and they have concluded that three
main visions exist: bio-resource, bio-technology and bio-ecology [2].
There are opinions that focus on bioeconomy as political vision [10] or
biorefinery vision (techno-economic concept) [11]. All visions are
strongly related to research and innovation policies [11]. It is under-
stood that every country has its own resource pool, opportunities,
workforce, policies, etc.; therefore, the transition to sustainable bio-
economy development needs to have a customized approach for each
country. If the main factors influencing bioeconomy are analysed by the
strength of their influence, it becomes clear which ones have an indirect
influence through other important factors; building a model to highlight
each factor’s exposure to bioeconomy could help countries to evolve the
stronger and indicate the weaker, but nevertheless important, factors.

Our previous study [12] focused on the assessment of factors
affecting bioeconomy. Within current research, although each of the
factors is analysed individually, the main output is the assessment of
factor interlinkages. The chief novelty of the study is the use of the nexus
approach for factor analysis. Also multicriteria decision analysis
(MCDA) methods are used within the novel approach by creating
consolidated results between different methods to achieve a broader
view on decision-making results. The main aim is to propose a meth-
odology for identification of a bioeconomy nexus and to define factors,
links and their indicators that could be further assessed.

Abbreviations: MCDA, multi criteria decision analysis; TOPSIS, Technique for Order of Preference by Similarity to Ideal Solution; AHP, analytical hierarchy
process; PROMETHEE, the preference ranking organization method for enrichment of evaluations; TRL, technological readiness level; GHG, greenhouse gases; CC,

climate change.
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L. Zihare et al.
Research methodology

The development of bioeconomy has become one of the main drivers
of overall economic development. In previous studies [12-14] on key
factors affecting bioeconomy, a transdisciplinary approach has been
applied, and based on those results seven factors have been selected for
interlinkage analysis and benchmarking. Here, we propose the meth-
odology for the assessment of bioeconomy-influencing factor inter-
linkages and to create benchmarks through a top-down approach
(Fig. 1).

The method algorithm for this research consisted of five main steps:

1) First step: Based on scientific literature analysis and by the use of
the Delphi method, seven primary factors were selected from a set of 24
affecting bioeconomy, and a graphical representation of their inter-
linkages was built by determining whether the link is direct (represented
by a straight line) or indirect (broken line), and whether it is an influ-
encing or dependent link (direction of an arrow). Indirect links mean
that more than two factors are involved in the linkage, therefore, the
derivative has been reached through another factor or with more than
two factors together.

2) Second step: Multi-criteria decision making analysis (MCDA) is
applied as a quantitative approach for determination of factors with the
highest impact on bioeconomy development. This is a preliminary
assessment and does not imply that other factors should be excluded
from assessment; on the contrary, this assessment will only give an

New BIOTECHNOLOGY 61 (2021) 57-68

overall notion of which factors have the strongest impact on bio-
economy. As is well known, different MCDA approaches give very
different results [15], so that to get a better perspective it is advisable to
use at least two MCDA methods for the same decision. We proposed
using the consolidated result for decision making. Two MCDA ap-
proaches were used: the Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS) and the Analytical Hierarchy Process (AHP),
which are two of the most commonly used MCDA analysis methods in
the context of sustainable development [16].

2.1) MCDA analysis was conducted based on four criteria: direct
influencing links, direct dependent links, indirect. influencing links,
indirect dependent links. Values for seven factors (alternatives) were
based on the number of linkages described. Link weights were based on
assumptions, i.e. for both methods the weight of link strength was
assumed to be 2:1, where direct links (both influencing and dependent)
are twice as significant as indirect links (both influencing and
dependent).

A) AHP analysis method based on pairwise comparison [17] (Figure B.1.
supplementary information)

Analytical Hierarchy Process (AHP) was calculated separately for
each link type for more consistent results. For each sub-link type, the
results were normalised and the priority vector obtained. Thereafter, the
results of each alternative were summarized to acquire final results. AHP
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values were obtained by division between link amounts to determine
which factor was more important than others. That is the main differ-
ence made in AHP calculations, where the typically used ranking, e.g.,
based on fundamental scales from 1 to 9, is not applied, but exact values
are calculated between criteria pairs instead. Pairwise comparison was
performed for each sub-link type individually, where one weighted
alternative value was divided by another weighted alternative value,
gaining the importance value for each factor in the AHP matrix

2.2. B) The TOPSIS - Technique for Order of Preference by Similarity
to Ideal Solution analysis method [18], which is based on Euclidean
distance evaluation, gives the result as a closeness to the ideal solution.
TOPSIS calculations can be found in the previous work [19]. The
preferred outcome (ideal solution) for all criteria is the max and
anti-ideal for all criteria is the min amount. As stated previously, weights
were identical for both methods.

2.3.) As MCDA methods vary, and often give slightly different re-
sults, a novel approach was used by creating a consolidated result be-
tween two methods. If this is used in other studies, more than two MCDA
analysis methods can also be applied if necessary; in addition, different
approaches can be used according to the specifics of the problem to be
solved.

3)Third step: Individual factor analysis. To obtain an in-depth
characterization of factors, each selected factor was analysed sepa-
rately in the context of bioeconomy. Each was described through indi-
cator analysis and grouped as environmental, economic, social or
technological aspect indicator.
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4)Fourth step: The application of a nexus approach, aimed at finding
a way of determining link strength, e.g., by overlapping indicators
related to bioeconomy-influencing factors. This could provide an insight
and correlation between each two or more factors.

5)Fifth step:

The final step was to find benchmarks that best characterise linkages
between two factors. They are expressed as mathematical regression
models that characterize the link and its strength.

Results
Graphical representation of bioeconony factor interlinkages

Twenty four bioeconomy-affecting factors had been obtained previ-
ously [12]. After expert evaluations and application of the Delphi
method, seven primary bioeconomy-affecting factors and their linkages
were identified (see Fig. 2). The linkages discussed were based on sci-
entific literature and are described as direct or indirect based on how
they affect factors. In future research it is advised to use triple or
quadruple factor link assessment to gain more insight into linkage
characteristics based on the factors that the link is connecting.

Modern technologies have an impact on the environment; one of the
most noticeable effects is reached by energy efficiency [20]. The in-
dustry has gone a long way from burning coal with efficiency as low as
0.5 % [21] to around 90 % efficiency in recent decades [22]. In addition,
technologies play an immense role in the industry by allowing
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Fig. 2. Graphical representation of seven bioeconomy influencing factors interlinkages.
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production of bioproducts from raw materials, thus creating a strong
link between bioresources, technologies and bioproducts [23]. Prefer-
ence for specific technology is impacted by production volume and raw
materials used, as well as regional legislation [24].

Policy has a strong role in technology development as strategic in-
centives to research and development lead to their improved production
efficiency of technologies. Their adoption in new and existing produc-
tion plants could lead to growing demand for biomass feedstock [25].
Due to existing legislation it is expected that the demand for biomass
feedstock for production will indeed grow in local, EU, and even at the
global level [26] reducing the negative impact of production on climate
[27]. However, biomass cannot substitute for fossil resources to the
same amount needed to satisfy demand for products and energy, so that
European requirements are now focusing on more effective biomass
usage and biowaste management. Nevertheless, biorefinery causes
pollution in the forms of gas, liquid waste and solids [28].

One of the many negative aspects of the climate change is altered
temperatures and water cycles [29] leading to change of bioresource
distribution in regions [30]. Popular example of this negative effect on
the industry is the predicted decrease in coffee bean productivity [31].
Despite the fact that climate change negatively impacts industry (in
most cases), specific policies aimed at reduction of industry’s negative
impact on climate need to be implemented [32]. They are made to
endorse innovations that prevent industrial emissions, including pollu-
tion [33].

Burning of fossil fuel releases the carbon sequestered millions of
years ago back into the atmosphere, hence increasing the amount in the
active carbon cycle [21]. To slow down climate change, fossil resources
would need to be completely replaced by bioresources [34] and alter-
native energy sources, such as hydrogen. This would require an immense
commitment on the part of industry, as demand dictates supply. Demand
not only dictates the amount of available bioresources, but also stimu-
lates the development of new greener technologies [35]. Unlike fossil
resources, bioresources vary in composition, requiring more variable
technologies and demanding a more flexible approach from industry
[26]. In addition, various biomass leads to different products with
varying value per ton of raw material [25]. Therefore production of
biomass with higher added value is so important, and technology
development of new and underused biomass in order to raise its value.

Recognizing the crucial role of research and development (R&D) in
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innovative technology development [25], the EU allocates considerable
resources to promoting R&D biotechnologies [26].

The main nexus identified from graphical representation linkages
(Fig. 3) are:

o Policy — Research and Innovations - Technology;
o Production — Waste — Climate change;
o Production — Waste — Bioresources;

o Policy - Production - Bioresources;

o Technology — Production — Climate change;

o Climate change — Policy — Production;

o Policy- Technology - Production — Bioresources;
o Climate change — Bioresources — Production.

MCDA results on bioeconomy factor linkages

MCDA for all seven selected bioeconomy factors was performed with
the AHP and TOPSIS methods. which are two of the most used in MCDA
[36]. A TOPSIS matrix with initial values is seen in Table 1 and is then
normalized using the vector normalization method and weighted
accordingly. Distances for positive and negative solutions by Euclidean
distance helps to rank the alternatives [37].

Assumptions made about the link type strength are included in both
analysis methods. Both direct links (direct influencing and direct
dependent) are assumed to be twice as important than indirect links
(indirect influencing and indirect dependent links). Therefore, the
weights are 1/3 (0.33) for direct links and 1/6 (0.17) for indirect links.

From the evaluation in Table 1, it is seen that there are more indirect
than direct links between factors. For example, for R&D, the largest
share of the AHP analysis result was due to indirectly influencing links
(see Fig. 3), which can be understood as this factor is more of an in-
strument (driver) for bioeconomy development and works in close
connection with other factors. The highest share of direct links is for
bioresources, which is the one that bioeconomy is based on. Policy and
technology factors in AHP analysis also show great impact.

Fig. 4. shows the final results of three methods that differ based on
the approach used. After a pairwise comparison (AHP) it was deter-
mined that the highest impact is for research and innovation, technology
and bioresources, that can be confirmed by bioeconomy’s definition as a
knowledge and bio-based economy [38] and that in 2012,
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Fig. 3. MCDA analysis results for seven bioeconomy influencing factor importance based on their interlinkages.
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Table 1
TOPSIS matrix for factor evaluation based on link type and amount.
Alternatives, A, n-1..7 Ay Az Az Ay As As Az P
Criteria, im, m-1..4 Research and Technology Prodi Waste Policy Bioresources Climate change Total number of links
Direct influencing link, i; 1 2 2 1 1 3 2 12
Direct dependent link, iy 0 3 1 1 3 4 1 13
Indirect influencing link, iz 4 2 3 1 1 2 1 14
Indirect dependent link, iy 2 0 2 1 4 2 3 14
Total number of links ) 7 7 8 4 9 11 7
{ Climate change mitigation technologies related to buidings
Climate change mitigation technologies related to energy
generation, transmission or distribution
Capture, storage, ion or disposal of h gases Patent applications to the European Patent
Environmental management Office.
Climate change mitigation technologies related to transportation patentsin resource efficiency technologies
Water-related adaptation technologies
Climate change mitigation technologies in the production or Key enabling technology R&D focus
processing of goods . . )
{ Climate change related to Commer of innovative
| treatment or waste management P logy,

Development of advanced biorefinery technologies (yes/no)

Employment in eco-industries and circular economy (% of total
)

n, Nr of

or total nr.of internal personnel

researcher:

Patents by t
technology), Nr.of patents

Number of environment —based technologies (or % of all technologies)

elated

Capacity and flexibility of use of biomass kg of biomass
| used fi ety of Social
Capacity and flexibility of use of bioenergy kWh of energy
used for variety of purpose:

Economic

Technological

GHG emissions intensity (CO,e/GDP)EIl
Material productivity (GDP/Domestic Material Consumption)Ell
Water productivity (GDP/total fresh water abstraction)Ell

Environmental

R&D expenditure by sector

Water productivity (GDP/total fresh water abstraction eIl

R&D expenditure as a proportion of GDP

energy R&D i d outlays (% of GDP)
Total R&D personnel and researchers (% of total employment)

Private and public spending on R&D

Investmentin R&D, EUR

Gross domestic expenditure on R&D by sector of
performance and source of funds
Eco-innovation index Ef (reso urce efficiency and socio-

Total value ofgreen early stage investments (EUR/capita)
Enterprises that introduced an innovation with environmental benefits obtained
within the enterprise (% of total firms)
innovation with envi benefits
obtained by the end user (% of total firms)
150 14001 registered organisations (per minpopuiation)

that introduced

economic output) composite index of 16 indicators

Eco-innovation related patents (per minpopulation)
related academic publicati i

Eco-innovation related media coverage (per numbers of electronic media)

Material productivity (GDP/Domestic Material Consumption)
Water productivity (GDP/totdl fresh water abstraction)
Energy i energy
GHG emissions intensity (COze/GDP)
Exports of products from eco-industries (% of total exports)
Employment in eco-industries and circular economy (% of total employment
across all companies)
\ Revenue in eco-industries and circular economy (% of total revenue across all companies)

Fig. 4. Indicators that characterize Research & Innovation factor in bioeconomy context (social, technological, economic and environmental dimension).

biotechnology was set as the priority driver for bioeconomy develop-
ment [39]. Analysis by PROMETHEE (The Preference Ranking Organi-
zation METHod for Enrichment of Evaluations) shows the greatest
impact on bioresources, policy and technology. In spite of the fact that,
according to TOPSIS analysis, bioresources have the highest score,
technology and policy factors are also important. Bioresources play an
important role in bioeconomy, as they are based on biomass and its
sustainable use. Technology factor has high results in all methods, as it
ensures sustainable use of resources, as well as providing a more effec-
tive use and development of new technologies and bioproducts. The
lowest score in all methods was for waste. However, looking back at
interlinkages between these factors (Fig. 3), policy has indirect linkages
through research and innovation that lead to technology factor. There-
fore, it is proposed to take into account the consolidated results when
selecting priorities for further assessment on factor analysis and linkage
selection.

Interval scales for TOPSIS analysis results varied from 0.2 (waste) to
0.77 (bioresources), and AHP analysis results from 0.08 (waste) to 0.23
(research and innovation); PROMETHEE varies from -0,33 (waste) to
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0,36 (bioresources).
Case study. Triple factor nexus in EU bioeconomy

To better understand the proposed methodology, a case study has
been performed for EU countries. Triple factor nexus has been assessed
between the following factors: policy, research & innovation and tech-
nology. Each factor has been described through indicator analysis. Main
overlapping factor indicators were used to characterize the linkage.
Based on statistical data and correlation analysis, the benchmark was
determined.

Individual factor analysis

In order to build triple nexus evaluation, each factor was first ana-
lysed through indicator analysis.
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Research and innovation factor characteristics

Technology transfer organisations are the way to bridge the gap
between industry and academia [40], but countries and regions that rely
on transnational science and technology transfer organisations to
advance the development of new bioproducts [30] should also consider
governmental support.

There are two stages for transition to bioeconomy innovation: in-
cremental and gradual innovations (through new products and pro-
cesses) and implementation of diverse, radically new and disruptive
innovations [38,41]. For an effective transition to a sustainable bio-
economy, there is a need for second type innovations. This means that
radical innovations will be necessary to make a global change towards
desirable goals. This includes redesigned business models, reconfigured
supply chains, a setup of new value chains, such as development of new
sustainable products, and technology needs, knowledge and skills
outside industries’ fields of expertise. Universities and research in-
stitutions are especially conceived as the cornerstones in accomplishing
these radical innovations [38,41].

Innovations can be described by type [42], stage of development,
technological readiness level (TRL), extent to which they are disruptive
or radically new [38,43], level of complexity in the knowledge base for
the innovation development [38], degree of cooperation between
different actors in such development [41], level of complexity in the
policy framework (European Commission Bioeconomy strategy 2012)
and level of nonlinearity in the development. HORIZON 2020 has been
one of the main instruments for promoting innovation in the bio-
economy [38], and now it can be seen how efficiently that has worked.

Fig. 4 Shows the main indicators of the research and innovation
factor, where two of the indicators have been explained in more detail
by sub-indicators: patents in resource efficiency technologies and eco-
innovation index (EII). For indicator references see Appendices A.1
(supplementary information).

Number of patents is the best quantitative indicator that character-
izes the research and innovation factor, especially, patents for bio-
technologies and resource efficiency technologies. The number of
patents on resource efficiency technologies includes several sub-
indicators (from OECD database) [44]:
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o Climate change mitigation technologies related to buildings

o Climate change mitigation technologies related to energy gener-
ation, transmission or distribution

o Capture, storage, sequestration or disposal of greenhouse gases

o Environmental management

o Climate change mitigation technologies related to transportation

o Water-related adaptation technologies

o Climate change mitigation technologies in the production or pro-
cessing of goods

o Climate change mitigation technologies related to wastewater
treatment or waste management

All of these sub-indicators focus largely on climate change and
greenhouse gases (GHG) mitigation technologies. Therefore, they do not
cover all the technologies the development of which impacts
bioeconomy.

Patent data are available and easily collected for analysis. However,
they do not capture all innovations [45]. Patents are the main research
and innovation output that can reflect the efficiency of innovations.
Fig. 5 shows the results for the indicator patent applications to the Eu-
ropean Patent Office (EPO) according to gross domestic expenditure on
R&D by sector from 2010 to 2016 (available data from EUROSTAT
database). The EU 28 average is taken as the benchmark and countries
exceeding the benchmark are selected as the top for research and
innovation factor benchmarking, namely Germany (explicitly higher),
France, Italy, UK, Netherlands and Spain. The lowest countries are
Malta, Cyprus, Croatia, Lithuania, Estonia, Bulgaria, Latvia,
Luxembourg, Slovenia and, Slovakia.

The distance between highest and lowest countries (Table 2) in 2010
was 8581 (distance between leader position — Germany and lowest re-
sults - Malta), the smallest distance between benchmark and top country
in 2010 was 5 (Spain), and the smallest distance from benchmark to
runner up countries was 167 (Sweden). All values in 2017 were lower
and the distance between highest and lowest country in 2017 was 6138
(distance between leader position — Germany and lowest results - Malta),
the smallest distance from benchmark till to countries was 424 (Spain)
and from benchmark to runner up countries was 102 (Sweden). It seems

EU 28 average

I

Year 2010 2011 2012

domestic expenditure on R&D by sector,
nr of patents/Percentage of gross domestic product (GDP)

W Belgium Bulgaria

mm— Germany Estonia

[ France

Patent applications to the European Patent Office/ Gross

mm—— Spain
Cyprus Latvia

mm—— Hungary Malta

mm—— Poland mm— Portugal

Slovakia Finland

European Union - 28 countries

Aol N e D e N e e 1

2013

A

2014 2015 2016 2017

mmm Czechia mmm— Denmark

Ireland Greece
I Croatia Italy
W ithuania m— |uxembourg
Netherlands Austria
B Romania Slovenia

mm— Sweden s United Kingdom

Fig. 5. Benchmark for patent applications to the European Patent Office/ gross domestic expenditure on R&D by sector, nr of patents/percentage of gross domestic

product (GDP) (Data: Eurostat).
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Table 2
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Patent applications to the European Patent Office/ Gross domestic expenditure on R&D by sector, nr of patents/Percentage of gross domestic product (GDP) in EU

countries.

Patent applications to the European Patent Office/ Gross domestic expenditure on R&D by sector, nr of patents/Percentage of gross domestic product (GDP)

2010 2013 2016 2017
Germany 8587.5 Germany 7544.8 Germany 6849.7 Germany 6150.4
France 3894.4 France 4005.7 France 4304.2 France 4299.9
Italy 3689.2 United Kingdom 3314.4 United Kingdom 3339.4 United Kingdom 3295.2
United Kingdom 3244.4 Italy 3308.7 Italy 3096.5 Ttaly 3027.7
Netherlands 1799.9 Netherlands 1745.1 Netherlands 1726.2 Netherlands 1756.3
Spain 1111.2 Spain 1181.9 Spain 1379.4 Spain 1367.4
Benchmark 1056.0 Benchmark 1008.5 Benchmark 980.1 Benchmark 942.9
Sweden 888.5 Sweden 990.5 Sweden 892.4 Sweden 840.7
Belgium 735.5 Belgium 659.3 Poland 653.5 Poland 666.6
Austria 648.5 Austria 648.7 Austria 649.1 Austria 665.4
Poland 501.9 Poland 629.0 Belgium 630.6 Belgium 622.3
Denmark 441.6 Finland 533.7 Finland 483.4 Finland 475.1
Finland 375.2 Denmark 456.9 Denmark 444.1 Denmark 464.8
Ireland 203.8 Romania 218.2 Ireland 304.1 Ireland 302.0
Hungary 171.5 Ireland 209.6 Romania 206.1 Czechia 199.7
Czechia 143.7 Hungary 155.1 Czechia 189.7 Romania 199.1
Greece 109.2 Czechia 131.9 Hungary 169.1 Hungary 147.9
Slovakia 76.2 Greece 129.1 Portugal 108.7 Portugal 107.8
Romania 75.3 Latvia 110.1 Greece 93.1 Greece 79.9
Portugal 61.7 Portugal 90.0 Slovakia 68.6 Slovakia 62.0
Slovenia 51.8 Bulgaria 62.2 Slovenia 55.9 Slovenia 61.1
Luxembourg 51.1 Slovakia 60.7 Latvia 49.2 Luxembourg 43.7
Croatia 41.0 Luxembourg 50.0 Luxembourg 48.8 Latvia 43.6
Bulgaria 29.8 Slovenia 50.0 Bulgaria 40.3 Bulgaria 39.6
Latvia 25.9 Lithuania 42.8 Estonia 26.4 Estonia 28.4
Estonia 24.8 Croatia 22.8 Croatia 24.5 Lithuania 24.0
Lithuania 20.1 Estonia 16.3 Lithuania 22.8 Croatia 23.2
Cyprus 17.4 Cyprus 16.2 Cyprus 17.9 Cyprus 16.5
Malta 5.7 Malta 6.3 Malta 11.7 Malta 11.4

Gross domestic expenditure on R&D by sector [SDG_09_10] EUROSTAT Percentage of gross domestic product (GDP).
Patent applications to the European Patent Office (source: EPO) [SDG_09_40] EUROSTAT Number [NR].

that Sweden was closer to the benchmark in 2017, but almost all the
values decreased over time, with lowering of benchmark; Sweden values
in 2010 was 888, but in 2017 only 840. In contrast for Spain, the values
were increasing from 1111 in 2010 to 1367 in 2017, see Fig. 6.

1,800

1,600

Europe (27), Nr of patents

1,400
1,200
1,000

Therefore, the distances between these two countries are increasing.
Patent applications are used in various statistical analyses and are

one of the most important indicators of innovation in the EUROSTAT

sustainable development goals database [46]. Although the volume of

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Patent grants at the EPO Biotechnology (WIPO)

Year

m Patent grants at the EPO Environmental technology (WIPO)

e Patent applications to the EPO Biotechnology (WIPO)

==@==Patent applications to the EPO Environmental technology (WIPO)

Fig. 6. Patent applications vs granted patents in fields of biotechnology and environmental technology (data: OECD stat).
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patent applications is one of the indicators of patent productivity and,
consequently, a comparable indicator of innovation at the national level,
it should be taken into account that the number of approved patents is
much lower. Statistics on approved patents show that environmental
technology patents are granted for more than 50 % (54%-61%) of the
filed applications, but in biotechnology are below 50 % (44%-47%). In
2015, there was a decrease in patents granted for both biotechnology
and environmental technologies, where only 17 % of biotechnology
patents were approved and 41 % of environmental technologies patents
(Figure B2, supplementary information).

Patent applications related to bioeconomy sectors in Eurostat sus-
tainability development goal indicators (no granted patents included)
shows a very stable tendency of about 51,000 per year. The OECD
database provides data related to environmental management
(7-10,000 per year), biotechnology (4-12,000) and selected environ-
mentally - related technologies (20-31,000) and it is possible to get data
about granted patents. As noted previously, patent applications vs
granted patents can differ by at least 50 %. If the trend for patent ap-
plications is not decreasing over the years, then granted patents are.
Data values provided by Eurostat covers all sectors related to bio-
economy and were therefore used in further analysis.

Policy factor characteristics
Policy is defined as a general set of actions and measures that are
planned and set at the highest level of management and which include

approved attitudes and regulations that must be followed when man-
aging the operations of an organization [47]. Another policy

Sustainability of the bioeconomy

Total use of natural resources/growth and harvested volumes of
standing timber, cereal crops, fish bag, endangered species, urban

es diverted from landfills, t/year

Increase of renewable energy use in bioeconomy
related sectors, %
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understanding states that “a policy is a statement of intent to change
behaviour in a positive way, while an [policy] instrument is the means
or a specific measure to translate that intent into action” [48] [49]. It is
one of the strongest and most significant factors influencing the imple-
mentation of a sustainable bioeconomy. Bioeconomy development de-
pends on a country’s political system and preferred policy instruments
[50]. The EU Bioeconomy strategy (2012) and its updated version
(2018) [27] both emphasize the significance of policy for the develop-
ment of bioeconomy. The general types of policy instruments are: con-
straining and control measures, innovation promotion, product pricing
mechanisms, information measures (such as public information cam-
paigns), enabling actors, supporting investment [49].

Policy interventions may enable the transition to sustainability and
bioeconomy, but no single policy can ensure full systemic imple-
mentation of such transition. [32] A combination of various policy in-
struments is required to ensure the development of bioeconomy [25].
Those intended to promote the development of bioeconomy can
generally be classified into four groups:

e Legal, i.e., necessary changes in regulations and/or quality standards
to allow and advance the sale of bioproducts,

e Support for voluntary initiatives and requirements for public sector
regarding implementation of biological waste collection,

e Provide financial incentives for private investments in biorefineries
(e.g. green certificates or feed-in tariffs),

e Public financial support for R&D [25].

Referring to the last two groups of instruments, policy is related to

Existing/non existing national
Bioeconomy strategy

Selected policy type
Number of transformation

The quality of the national
Bioeconomy strategy

pathways included
Number of bioeconomy sectors

concerned

Fossil resource substitution, t/year

Environment

Economic

Policy

Social

Total bioeconomy turnover (euro/year), relative to the national economy
(%), percapita - ANCIEE

Total workers employed in bioeconomy (workers/year)

Bioeconomy GDP (euro/year) and relative to the national economy (%)

Whether social justice is taken into account in
bioeconomy policy? (yes/no)

Total bioeconomy value added (euro/year), relative to the national
economy (%), per capita

Growth of bioeconomy (euro/euro/worker, % of total economy)

Added value produced for natural resource use (euro/kg)

Amount of investments into production (euro/year), (euro/program)

Amount of investments into research and innovation (euro/year), (euro/
program)

Effectiveness of public financing (euro of private investments/euro of public
investments (program costs)

Fig. 7. Indicators that characterize policy factor in bioeconomy context (social, policy, economic and environmental dimension).
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production and research and innovation, as the subsidies prescribed by a
bioeconomy-enhancing policy are commonly directed towards industry
or research and innovation.

By providing performance measurement, reporting and communi-
cating to stakeholders, policy indicators help to ensure a consistent and
transparent consideration of sustainability within public policy [51].
Indicators that can be used for assessment of bioeconomy policy are
those that characterize bioeconomy development (for references, see
annex A.2, supplementary information.). Fig. 7 provides a graphical
summary of indicators related to policy factors. Better indicator per-
formance as a result of the implemented policy would support the
effectiveness of a policy, while no change or even decrease of indicator
performance indicates inefficiency of the applied policy.

Regarding policy instrument assessment, another aspect to consider
is that various countries may have preferences for different policy
measures. Nevertheless, policy effectiveness should be assessed in
respect to the chosen indicator, not based on the type of instruments
used [49]; longevity of certain policies [52], for instance, change of a
left-wing to a right-wing government, might affect the policies.

Technology factor characteristics

Technologies are one of the main pillars of bioeconomy. They bridge
the gap between innovations and production and between unused or
underused biomass and bioresources. They include environment-related
technologies that allow mitigation of climate-change, and bio-
technologies and existing technology improvements that either solve the
possibility of using biomass that otherwise could not be collected, or
help to advance the efficiency of resource use.

One of the greatest emphasis of the technology factor in the context
of bioeconomy is for biotechnologies. By collecting a list of biotech-
nology definitions, the OECD has made a single statistical definition of
biotechnology as “The application of science and technology to living
organisms, as well as parts, products and models thereof, to alter living
or non-living materials for the production of knowledge, goods and
services.” [53] Biotechnology has an important potential not only for
economic development, but also for sustainable bioeconomy
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development acceleration [54]. Biotechnology cannot be advanced
without specific knowledge, and therefore there is a strong link to ed-
ucation and research institutions. As the main outcome from technology
development is intellectual property, there should be a correlation be-
tween promotion of patent production at local and international levels,
to succeed in technology commercialization [54].

Technology indicators shown in Fig. 8 are derived from OECD sta-
tistics as key indicators for technology (biotechnology). The number of
active biotechnology firms in Latvia (including medical, environmental,
industrial and agricultural biotechnology) according to the data in the
OECD database for 2016-2017 was 9 and 12 accordingly [55]. That is
the smallest number in respect of the other countries for which data has
been provided. However, in order to see the true situation, normaliza-
tion should be applied.

Triple factor nexus: policy, research and innovations and
technology

An effective policy framework is essential to ensure innovation and
the development of new technologies and production methods. In [25,
32] it is stated that R&D investments are crucial for the development of
innovative technologies. [25]. also states that technology and machin-
ery knowledge and organisation of biomass logistics are required for the
development of bio-based solutions. The dynamic relationship between
Policy, Innovation, Technology, Production and Bioresource factors are
explained in [26]. A stimulation policy that provides incentives to R&D,
would promote an improved production efficiency of the technology;
this would in turn result in installation of those technologies in existing
and new production plants and sequentially, the requirements of the
biomass feedstock would grow. Resource constraints are in fact one of
the main concerns in the study [25].

One indicator that clearly overlaps policy and research and innova-
tion factors is investments in R&D. Countries are committed to signifi-
cantly increase public and private R&D expenditures and the number of
researchers by 2030 as part of Sustainable Development Goals [56]. In
more detail, the dynamic loops of R&D expenditure and dynamics of
innovation diffusion and technology adaption are described in [57].

Percentage of biotechnology R&D performed by small biotechnology R&D firms

(fewer than 50 employees)

Percentage of biotechnology R&D performed in the services sector by dedicated

biotechnology R&D firms

Number of firms active in biotechnology, 2006-2017 [biotechnology firms / all firms]

CO, emission per unit of value added

Job creation in skilled/unskilled labour

Material footprint per capita, and material

footprint per GDP

Material footprint , tonnes/year per capita Environmenta

Technological

Social

Economic

Total biotechnology R&D expenditures in the business
ector

Biotechnology. R&D.intensity.
Biotechnology R&D expenditures in the business

Share of countries in biotechnology patents filed
under PCT

Green patents [% all patents]

Revealed technological advantage in biotechnology|

Water use efficiency ( for processing/kg biomass)

sector, 2006-2017 [Millions of EUR PPP]

Biotechnology R&D expenditures by the public sector
as a percentage of public sector R&D

Biotechnology R&D expenditures by the public sector,
millions of EUR PPP

Percentage of dedicated biotechnology firms by
application

Percentage of biotechnology R&D investments by
application

Fig. 8. Indicators that characterize technology factor in bioeconomy context (social, technological, economic and environmental dimension) [55,61].
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Environmental policy has an effect on technological innovation. It can
be manifested through tax measures or quota obligations with an impact
on patent activity [58]. Patent data aids examination of eco-innovations
and suggestions for future policy. Resource (input) indicators are R&D
expenditures and personnel (in terms of knowledge acquisition), R&D
intensive goods or expenditure for licences; the output indicators for
R&D results are patents. To ensure innovation transfer to industrial
production patent should be in place, therefore in this case amount of
publications has not been included, however it is also a good indicator
for innovation measurement. Patent data are more commonly used as
output indicators and key measure of innovations [58]. Policy frame-
works should search for optimal solutions to innovation rate and di-
rection. Market-based instruments may affect the technological
trajectory of the economy. The use of subsidies in support of environ-
mental R&D could be in form of grants or tax credits. [59] (Fig. 9).

Looking at the graphical representation in Fig. 3, the connection
between policy and research and innovation links factor “policy”
through framework for new technologies, measured as R&D expenditure
(public sector (government, see Fig. 10), with factor “research & inno-
vation” and “technology” through development of new technologies
(that can be measured with patent applications). Assessing the nexus in-
depth, there are additional factors that ensure the existence of these
linkages as presented in Fig. 9.

The indicator of this link coincides with Sustainable Development

Increase in academics
and researchers

Increase in masters
and PhD students

Private sector

Applied research
results

-~

Investigated factors

Other factors
Overlapping indicators

Direct linkages

Indirect linkages
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Goal 9 (SDG9) [60], and is therefore considered a strong link towards
bioeconomy sustainable development.

Benchmark analysis

Benchmark analysis is one of the effective analysis methods for
description of bioeconomy performance at national level. In this case,
the existing performance in each EU country is analyzed and compared
with the practice in leading EU countries to adapt or improve its existing
policy, moving towards sustainable bioeconomy development. In a tri-
ple factor nexus, two indicators that have been selected for the assess-
ment of one of the possible link benchmarks are R&D expenditures (that
characterize the link between policy and R&D) and the number of patent
applications (that characterize the link between R&D and Technology).

Top countries (UK is excluded from analysis due to Brexit and to
provide a reliable future benchmark) over the benchmark (set as the EU
28 country average) in patent applications to the EPO (SDG_9_40;
Eurostat) attributed to the gross domestic expenditure on R&D by sector
(SDG_09_10; Eurostat) are selected for the link indicator benchmark
analysis. For these top countries (Germany, France, Italy, Netherlands
and Spain) data correlation is good at the intra-country level, as well as
inter-country (see Figure 12), providing the EU with the best practice
benchmark, with a strong correlation (R = 0.8).

The empirical model (1) presents the mathematical description of

European Union
-

Policy framework for
RnD new technologies

_ '
= —Increaseq R&D output

Research &
Innovation

\

N
Development of

new technologies

~
~
~

7

Technology

Fig. 9. Triple factor nexus: Policy, Research and Innovation and Technology interlinkages.
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Fig. 10. Benchmark for Policy, Research & Innovation and Technology factor linkages.

policy, research & innovation and technology link benchmark.

P=122,13¢-9297, 1)

where

P- patent indicator: applications to the EPO per million inhabitants,

c-gross domestic expenditure on R&D by sector

With the use of this empirical model, each country can calculate their
situation, based on the benchmark.

Some countries that are not in the top list prove that there is an
imbalance between these two indicative parameters at intra-country
level. Therefore, a more detailed assessment is needed to address
appropriate policy measures or strategy that could accelerate patent
applications as a result of expenditure for R&D. Policies in different
countries may affect these trends, for instance, different national in-
centives for researchers in academic institutions to apply for patents.

Conclusions

MCDA analysis can be integrated during system dynamic model
development to quantify indirect and direct link parameters. In the
current analysis, bioresources, technology and research & innovation
factors acquired the highest scores of all seven factors considering the
consolidated result. This quantitative analysis could help when setting
priorities and determine which factors are more linked with others.

The methodology for a bioeconomy factor nexus approach presented
is a means to move towards measuring sustainable bioeconomy devel-
opment. The collection of each factor-related indicator facilitates
finding continuous linkages between factors and indicators and, conse-
quently, establishing benchmarks. Several benchmarks could be
addressed for each linkage characteristic. The empirical model presents
the mathematical description of policy, research & innovation and
technology link benchmarks, as in this case for the triple factor nexus:
policy, research and innovations and technology indicator sets are used
for creation of this benchmark - policy and innovations as gross domestic
expenditure on R&D by sector and innovations and technology as patent
production. Future research could focus on technology and production
factor interlinkage, that could determine how productive the patent
applications are in bioeconomy — how many granted patents are actually
commercialised and reached the production stage.

Assessments of additional nexus in future research would provide a
more comprehensive view. Limitations of using a top-down approach
could be reached when statistical data are not available or have not yet
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been created (for example, for biorefineries or biowaste); for such situ-
ations a bottom-up approach could be applied, e.g. companies’ cases
could provide an idea of which data are needed in order to develop the
appropriate indicators and build a complete bioeconomy factor nexus.
Such research could provide important recommendations for additional
statistical data collection. The methodology created can be used as a
starting point for holistic bioeconomy assessment, and it can be further
expanded in system dynamic modelling or complex index distribution.
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Abstract — Woody logging residues produced by logging activities are currently an
underutilised resource that is mainly burned for energy production or left in the forest to
decay, thus releasing CO: into the atmosphere. This resource could be used to manufacture
long-lasting products and store a significant amount of COz, promoting CO: valorisation in
rural areas. In this study, potential use for logging residues is proposed — the production of
low-density wood fibreboard insulation panels. The new material's potential properties,
manufacturing method and combined heat and power (CHP) plant parameters were
proposed. The potential climate benefits of the new product were analysed using various
biogenic carbon accounting methods. As energy production for manufacturing can be a
significant source of emissions, possible energy production scenarios were analysed for
manufacturing the product. However, an economically and environmentally viable energy
production scenario should be chosen. By conducting a multi-criteria analysis, three possible
energy production scenarios were analysed — wood biomass CHP plant, a natural gas CHP
plant and a standalone wood biomass combustion plant combined with Solar photo-voltaic
(PV) panels. The scenarios were analysed in terms of technological, economic, and
environmental performance to determine the best strategy in this case.

Keywords — CO: storage; energy production; logging residues; wood products.

1. INTRODUCTION

Forestry practices produce large amounts of waste and residues from the harvestable yield.
This can present significant management problems, as the discarded biomass can hurt the
environment. Meanwhile, sustainable energy sources and raw material feedstock are required
with increasing global population and rising demand for construction products and materials.
Forestry waste and logging residues are under-utilized resources for energy and material
production. To date, there has been little activity to utilise these resources in a ‘low carbon’
way. It is estimated that for every cubic meter of logged wood material removed, a cubic
meter of wastes and residues (e.g., stumps, branches, greenery) is left in the forest. Currently,
of all wood-derived biomass produced globally, 20 % can be accounted as primary production
loss left in the woods to decay, which could instead be used as a feedstock for a variety of
products, including the production of fuels, polymers and building materials and products [1].

Wood, like products made from it, has a significant advantage over other building materials
— they are an essential source of CO; sequestration. It has been observed that there exists a
direct correlation between the amount of CO; sequestered and the amount of wood-derived
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biomass harvested to produce high-added value products — with increasing amounts of wood
harvested or rising efficiency of timber used, the amount of carbon sequestration is also
increased [2]. The overall decarbonisation solutions can be achieved if sustainable carbon
cycles, including using Carbon Capture and Utilisation technologies, are implemented (see

Fig. 1) [3]-[6].
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Fig 1. The sustainable carbon cycle of wood logging residues [1].

In the wood-based product sector, significant potential for CO, sequestration can be
attributed to the production of wood-based panels and engineered wood products [7], [8]. In a
2017 study about carbon storage in wood products, the carbon sequestration potential of three
different wood-based panels was reviewed — oriented strand board (OSB), particleboard (PB)
and medium density fibreboard (MDF). According to the IPCC methodology, all three of
these products are included in the national inventory reports as harvested wood products that
store carbon, thus decreasing the overall CO; balance in the atmosphere. It was calculated
that a cubic meter of PB and OSB sequester 720 kg of CO, each and that a cubic meter of
MDF sequesters 820 kg of CO,, considering the number of emissions from material
production [9].

However, despite this advantage, producing such panels is quite an energy-intensive
process. The Best Available Techniques (BAT) Reference Document to produce Wood-based
Panels states that the average amount of thermal energy required to produce one cubic meter
of the material is 0.955 MWh for PB, 0.4 MWh for OSB and 1.65 MWh for MDF panels.
The average amount of electrical energy required to produce one cubic meter of the material
is 0.155 MWh for PB, 0.115 MWh for OSB and 0.505 MWh for MDF panels [9], [10]. In turn,
producing such thermal insulation materials as Ecowool and mineral wool requires
0.00416 MWh and 0.200 MWh of electricity per cubic meter of product. Although
rigidboards are popular insulation material, they are mostly produced from expanded
polystyrene or polyurethane foam — both are produced from fossil resources eliminating the
opportunity to store CO; in such products. Nevertheless, rigid and flexiboards from wood
fibres are becoming more popular. Production technology of such materials is similar to other
wood fibre materials, in detail described further in this paper.
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Although the CO, sequestration benefits of one cubic meter of rigid board insulation
material will be lower than that of OSB, PB and MDF panels, considering the lower density
of wood in the material, it will require less energy and raw materials to manufacture. The low-
efficiency and uninsulated buildings in Latvia and many other countries are still tall, meaning
that building insulation materials will remain a high-demand product for the foreseeable
future. There is a wide range of insulation materials available today, each with its advantages
and disadvantages. However, modern consumers care not only about the physical and
mechanical properties of the material but also about the environmental impact. Manufacturing
insulation materials could become one of the future opportunities of the forestry industry of
Latvia. Generating by-products and residues in the harvesting and manufacturing processes
is inevitable. Currently, forestry companies mainly use these by-products to produce energy
or sell them to other companies. Exporting these by-products is still inefficient since they are
now sold as low-added value products. As companies in the forestry sector move to increase
the efficiency and productivity of their production, the utilisation of wastes and residues
previously considered low value is becoming an increasingly attractive option. Using these
by-products to manufacture thermal insulation is one of the potential solutions for increasing
their value [11], [12].

Mitigation of CO;, emissions has become a top question in the last decades. Therefore,
understanding processes within rural CO, economy sectors, factors, interconnections and
effects on the environment and nature quality and guidelines for future activities are crucial.
Valorisation of COs, including direct capture and utilization, transformed CO; utilization or
pre-processed CO, utilization, can positively affect the reduction of CO, emission and the
development of rural areas [3]-[6]. The changes in wood waste treatment practices and
production of the rigid board from wood logging residues can have a positive effect on
mitigating CO, emissions, providing its storage in the products. This work aims to analyse
the environmental impact of this insulating material. Using an underestimated resource to
produce thermal insulation material can be viable from economic and technological
perspective. The practice could be favourable from product demand, and raw material supply
perspective by adding value to wood value-chain.

2. METHODS AND METHODOLOGY

For this study, the production of rigid board wood insulation material was chosen.
The production methodology consists of steps like a description of the production process
and needed feedstock calculation of the amount of CO; that can be stored in the final product.
As for the energy sources for the rigid board production. Three different scenarios have been
compared using the multicriteria analysis method. All steps of the methodology are seen in
Fig. 2.

Rigid board < Production process Production process
. Lad
production process feedstock balance
A 4
Multi-Criteria < Energy sources for < Amount of stored CO,
Analysis production process calculation

Fig. 2. Algorithm of the methodology.
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The rigid board is produced similarly to other wood fibre boards e.g., MDF and LDF.
The same dry process is used for refining the dried wood fibres derived from wood chips.
After drying, the material goes through forming, pressing and profiling. A simplified
manufacturing process of rigid board insulation panels is shown in Fig. 3. The refined and
dried wood fibres are mixed with resin, formed into a mat, and then pressed and cured. Curing
occurs by passing steam through the mat to heat it slightly. In comparison to general MDF
production, the working pressure is lower and process does not require heated press.
The slight temperature increase and the small amount of water cure the resin. The resin used
for rigid board production is exclusively pMDI (polymeric methylene diphenyl diisocyanate).
Rigid board is produced in various thicknesses ranging 18—-244 mm and in densities ranging
100-220 kg/m?. It is mainly used for insulation purposes, and the raw boards are passed
through a profiler to produce a tongue-and-groove finish [10].

Wood chips Resin

} ¢

Refining  juped Drying =]  Forming

'

Profiling |esms  Pressing

'

Finished
Rigidboard

Fig. 3. Simplified rigidboard manufacturing process [10].

The primary feedstock for manufacturing the new rigidboard is logging residues, mainly
from coniferous trees, the dominant tree group harvested in Latvia. The logging residues used
for the production of chips will especially be branches, smaller logs and possibly stumps that
are not used in conventional production. It is assumed that all needles and other greenery will
fall off or be removed from the feedstock while in storage and manufacturing. To produce
fibreboard insulation panels, wood fibres of strong and uniform quality must be obtained.
Although MDF and other fibreboard producers traditionally use roundwood as a raw
feedstock, novel methods of cleaning and sorting waste wood or production residues from
other woodworking industries have enabled alternative sources of wood materials on
dedicated production lines [10]. A 2013 study about the chase characteristics of wood chips
produced from logging residues concluded that wood chips produced from logging residues
have a moisture content of 50 % and are suitable for use in small and medium size
boilers [13]. It is assumed that the wood chips obtained from logging residue feedstock will
be of sufficient quality to produce fibreboard panels.

The material balance of the new fibreboard insulation panel is shown in Table 1. Material
density is assumed maximum for rigid board production from the BAT Reference Document
for Wood-based Panels [10]. Material balance was chosen based on fibreboard and insulation
board data from the Forest Product Conversion Factors document [14], assuming an increased
bark and decreased wood content. The weight content of bark, binders and fillers, moisture
and wood in one cubic meter of the finished insulation panel were calculated based on the
chosen material density and material balance.
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For the new fibreboard insulation material manufacturing process, the standard dry
manufacturing process was chosen from the BAT Reference Document for the Production of
Wood-based Panels [10], modified for rigid board production (Fig. 2).

TABLE 1. FIBREBOARD INSULATION MATERIAL BALANCE

Content, kg/m* Balance, % Source

Density 220 100 [10]
Bark 6.6 3 [14]
Binders and fillers 11 5 [14]
Moisture 13.2 6 [14]
Wood 189.2 86 [14]

It is assumed that the new plant would produce 300 000 m? of fibreboard insulation material
annually, based on average plant capacities in the industry [10]. To calculate the specific
amounts of heat and electric energy needed to produce one cubic meter of the material,
existing insulation material manufacturing plant data was used. Assuming that an existing
plant has an electrical capacity of 5 MW and a heat capacity of 10 MW [15] and operates for
8000 hours annually, the manufacturing plant would require 0.13 MWh of electricity and
0.26 MWh of thermal energy to produce one cubic meter of fibreboard insulation material.
Energy consumption for the most energy-intensive manufacturing processes is shown in
Table 2. The drying of the wood fibres consumes the most energy, mainly in the form of
thermal energy, as the fibres need to be dried from a moisture content nearing 100 % to 5 %.
The dryers also need to be ventilated, using mechanical ventilators that consume electricity.
The second most energy-intensive process is refining the fibres, which requires powerful
motors that consume the most electricity. Thermal energy is also needed for refining to supply
hot steam for cooking and washing wood chips. The pressing of the fibreboard mat requires
thermal energy in the form of steam and electricity for the press rollers; however, for the
production of rigid board insulation, the energy consumption is minimised, as the temperature
required is relatively low. Lastly, all other processes requiring electricity are grouped, such
as chipping, sawing and profiling [10].

TABLE 2. ENERGY CONSUMPTION FOR PRODUCTION

Manufacturing process Electricity, MWh/m®  Thermal energy, MWh/m?

Drying 0.03 0.16
Refining 0.08 0.08
Pressing 0.01 0.02

Chipping, sawing, profiling  0.01 -
Total 0.13 0.26

To calculate the possible amount of CO, stored in the material, eight different standards for
biogenic carbon accounting in products were reviewed and used. Many different technical
standards for Life Cycle Analysis (LCA) with other methods and approaches for carbon
accounting. Still, in this case, only standards relevant to forest-based building materials and
biogenic carbon were used. The standards used can be grouped into those that deal only with
building materials (ISO-21930, EN-15804, CEN/TR-16970, EN-16485) and those which
cover all products (PAS-2050, ISO/TS-14067, PEF). The standards can also be distinguished
by geographical coverage, as some are international standards (ISO-21930, PAS-2050,
ISO/TS-14067), and others are specific to Europe (EN-15804, CEN/TR-16970, EN-16485,
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PEF) and have stronger links to government regulation [16]-[18]. As there currently exists
no scientific consensus on which standard and method are the most appropriate for use, an
average value derived from all standards was proposed.

The initial calculation for CO; stored in the material is assumed to be the same for all
standards and is calculated [17]:

mCO, = mg, (timber)-C , mmCO, (1)
m.me
where
mCO; mass of CO; sequestered, kgCO»;
mary(timber)  dry weight of timber in the finished product, kg;
Cr percentage of carbon in dry matter (for timber = 0.5);
m.mCO, molecular mass of CO; =44 g/mol;
m.mc atomic mass of carbon = 12 g/mol.
By substituting the masses of carbon and CO,, Eq. (1) becomes:
. 44 .
mCO, = my, (timber)-0.5 T = mg, (timber)-1.833 , 2)

where mCO; is the mass of CO; sequestered in the finished product and mgr(timber) is the
dry weight of timber in the finished product.

Only the CO; sequestered from the wood and bark content for the new product is calculated.
The carbon content for bark is assumed to be the same as wood (50 %).

To maximise the CO; storage potential of the new fibreboard insulation material, the energy
production sources for the manufacturing process need to be reviewed and analysed, as energy
production is the single most significant source of emissions and can potentially offset the
avoided CO; stored in the product material. Indeed, producing heat and power from the most
environmentally friendly renewable sources would be the best way to minimise emissions
from manufacturing. However, this may not always be the most technologically and
economically viable option. Thus, energy production for product manufacturing needs to be
assessed from an environmental point of view while considering the technological and
economic aspects. Three energy production scenarios were evaluated based on the proposed
manufacturing plant capacity of 5 MW electrical capacity and 10 MW heat capacity [16],
current trends in the sector and possible future technologies. Technological, economic and
environmental data for the three proposed scenarios are shown in Table 3. The capacities of
the energy production plants were chosen according to the required minimum heat capacity
of the manufacturing plant of 10 MW, as all the process heat needs to be produced on-site to
meet heat and steam requirements. The electrical power of the energy production plant can
be lower than the electrical demand of the manufacturing plant, as electricity can also be
supplied from the grid. The first proposed scenario is to produce heat and power with a
biomass combined heat and power (CHP) plant, which would use wood chips as fuel.
The chosen CHP technology is a wood chip boiler combined with a steam turbine. The second
proposed scenario is a natural gas CHP plant with a gas turbine technology well suited for
industrial processes. The third proposed scenario is a wood biomass combustion plant (CP)
producing only thermal energy, using wood chips as fuel, combined with Solar Photo-voltaic
(PV) panels for electricity production.
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To evaluate environmental impacts, five different emission values were considered for each
scenario: NOx (nitrogen oxides), CO (carbon monoxide), VOC (volatile organic compounds),
PM (particulate matter) and CO, (carbon dioxide).

TABLE 3. TECHNOLOGICAL, ECONOMIC AND ENVIRONMENTAL PARAMETERS OF PROPOSED
ENERGY PRODUCTION SCENARIOS

Parameter Wood Natural gas Wood Sources
biomass CHP biomass CP
CHP + PV panels
Electrical capacity, MWe 5 7.5 4 [19], [201, [21]
Thermal capacity, MWth 12 10.7 12 [19], [20]
Electrical efficiency, % 25 29.2 - [20], [22]
Thermal efficiency, % 60 414 85 [20], [22]
Total efficiency, % 85 70.6 85 [20], [22]
Capital costs, EUR/kW?* 3310 1510 965° [23]
O&M costs, Yocapex 2 2.5 2b [23]
Fuel cost, EUR/MWh 25 81.2 25 [24], [25]
NOx emissions, g/MWh* 29 27 9.1 [20], [26]
CO emissions, g/MWh* 8 31.5 2.5 [20], [26]
VOC emissions, g/MWh* 0 27 0 [20], [26]
PM emissions, g/MWh* 44 0 13.6 [20], [26]
CO, emissions, kg/MWh! 0 202 0 [27]

* Based on the electrical capacity for CHP and thermal capacity for CP
® Does not include the cost of PV panels

¢ Applies to electricity produced for CHP and thermal energy for CP

¢ Applies to both electrical and thermal energy produced

The capital costs of the standalone biomass combustion plant are assumed to be 30 % lower
than the costs of the same thermal capacity CHP plant. Still, they are recalculated according
to the thermal capacity of the combustion plant. Similarly, emission levels for the standalone
biomass combustion plant are assumed to be the same as for the biomass CHP plant. Still,
they are recalculated for a total thermal efficiency of 85 % instead of 60 % and apply only to
the thermal energy produced.

The capital costs and O&M costs for the Solar PV panels are chosen according to the peak
capacity of Solar PV panel installation. A Solar PV panel installation with an electrical
capacity of 4 MWe is assumed to have a peak capacity of 5.4 MWp. The capital costs for an
installation of this size are 510 EUR/kWp, and O&M costs 6.5 EUR/kWp [21].

A multicriteria analysis using the Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) method compares the three energy production scenarios. Using the
TOPSIS method, the proposed scenarios or alternatives are evaluated for the ideal possible
solution. The alternative that is the closest to the ideal solution is considered to be the best
scenario [28]. The criteria were selected according to the opinion of experts whose work
profile is directly related to construction, sustainability and innovation, as well as the
literature analysis. The criteria chosen for the analysis are shown in Table 4. The values of
the criteria were calculated using data from Table 3 and applied to the manufacturing plant’s
selected electrical and thermal energy demand parameters, with the annual plant production
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capacity of 300 000 m? of fibreboard insulation material. The criteria values were calculated
relative to one cubic meter of the finished product.

To perform the multicriteria analysis, the criteria weights need to be determined.
The criteria weights were determined using the Analytical Hierarchy Process (AHP)
method [28]. The criteria were first ranked in importance, prioritising economic and
technological criteria, and then ranking the environmental criteria by their global warming
potential. The weights of each criteria were then determined according to their rank,
consequently comparing them to each other.

TABLE 4. CHOSEN CRITERIA FOR THE MULTICRITERIA ANALYSIS

Technological criteria Economic criteria Environmental criteria

Fuel energy content, GJ/m*>  Capital costs, EUR/m? NOx emissions, g/m?
Fuel costs, EUR/m? CO emissions, g/m®
O&M costs, EUR/m? VOC emissions, g/m?

Bought/sold electricity, EUR/m*  PM emissions, g/m?

CO;, emissions, kg/m?

With the obtained criteria weights, the results of the multicriteria analysis were calculated.
The result is shown as a relative closeness coefficient to the ideal solution. The results can
have a value ranging from 0 to 1, with the ideal solution being a value of 1. The closer the
coefficient of a proposed alternative is to the maximum value of 1, the closer it is to the ideal
solution.

3. RESULTS

The amount of stored biogenic CO> in the new fibreboard insulation material for the eight
different accounting standards is shown in Table 5. The stored amount has been calculated
for one cubic meter of the new fibreboard insulation material.

TABLE 5. STORED BIOGENIC CO; DEPENDING ON ACCOUNTING STANDARD

Technical standard Stored CO;, kg/m® Source
EN-15804 (2012) 359 [18]
ISO/DIS-21930 (2015) 251 [29]
EN-15804 (2012) +A1:2013 359 [18]
CEN/TR-16970 (2016) 359 [18]
EN-16485 (2014) 359 [18]
ISO/TS-14067 (2013) 90 [30]
PEF v2.2 (2016) 90 [30]
PAS-2050 (2011) 291 [31]

For standards EN-15804 (2012), EN-15804 (2012) +A1:2013, CEN/TR-16970 (2016) and
EN-16485 (2014) the calculated amount of stored CO; is the same, as they are all based om
the same standard of EN-15804 (2012) and assume that the amount is calculated with the
formula shown in Eq. (2), with no further elaboration. ISO/TS-14067 (2013) and PEF v2.2
(2016) standards are based on the previous ISO-14040/44 standard for LCA, and do not differ
in calculating the stored CO..
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Standards-based on the EN-15804 standard offer the highest amount of CO, stored in one
cubic meter of the product — 359 kgCO»/m?, while the lowest amount of CO, stored can be
attributed to standards based on the previous 1SO-14040/44 LCA standard — 90 kgCO»/m3.
Considering all standards, an average value of 270 kgCO,/m? stored can be assumed as the
final result if no single carbon accounting method is chosen.

The calculated criteria values and weights for the multicriteria analysis of three different
energy production scenarios are shown in Table 6.

TABLE 6. CRITERIA VALUES AND WEIGHTS

Wood Natural Gas Wood Criteria

biomass CHP biomass CP weight

CHP + PV panels
Fuel energy content, GJ/m? 1.56 2.26 1.10 0.079
Capital costs, EUR/m’ 12.68 38.01 8.45 0.210
Fuel costs, EUR/m? 55.17 37.75 47.80 0.288
O&M costs, EUR/m* 1.10 0.94 0.89 0.152
Bought/sold electricity, EUR/m? 3.84 —9.45 19.77 0.110
NOx emissions, g/m? 3.14 495 2.36 0.028
CO emissions, g/m? 0.86 5.78 0.64 0.016
VOC emissions, g/m? 0 4.95 0 0.020
PM emissions, g/m* 4.7 0 35 0.040
CO; emissions, kg/m? 0 90 0 0.057

The results of the multicriteria analysis of three different energy production scenarios are
shown in Fig. 4.

kel
] Natural gas CHP plant 0.490
3
wn
Wood biomass CHP plant 0.622

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Relative proximity to the ideal solution
Fig. 4. Multicriteria analysis results.
The results of the multicriteria analysis show that the best scenario for energy production
for the manufacturing plant is the wood biomass CHP plant (0.622). In second place are the
wood biomass combustion plant and Solar PV panel scenario (0.531), barely beating out the

natural gas CHP plant scenario (0.490). While currently, the multicriteria analysis shows that
the fossil resource use scenario of natural gas is relatively close in valuation compared to the
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renewable resource use scenarios of wood biomass, it is evident that the evaluation of the
natural gas CHP plant scenario could decrease in the future, as the world moves to use more
renewable resources. Nevertheless, the natural gas CHP plant scenario still needs to be
reviewed and considered, so it can be clearly shown that there are better renewable resource
alternatives, which are the wood biomass CHP and combustion plants. To emphasise this
further, more detailed studies should be carried out, which should consider both quantitative
and qualitative data, including data and opinions of experts and companies in the field. Social
and political aspects should also be reviewed in further studies. This, in turn, could
significantly impact the evaluations of the different energy production scenarios, possibly
increasing the assessment of the renewable energy source scenarios to mark them as the clear
favourite over fossil resource use.

4. CONCLUSION

This study proposed a new possible wood fibreboard insulation material product made from
a currently underutilised wood resource — logging residues. The material balance of the new
product was presented, along with the manufacturing technology, manufacturing plant
capacity and energy resource demands. The possible amount of CO; stored in the new product
was calculated and reviewed using eight standards and their methods for biogenic carbon
accounting.

The amount of stored CO, in the material varies considerably depending on the accounting
method. Ideally, one of the eight possible standards should be chosen and prioritised. If no
standard can be selected, an average value of stored CO, calculated from all eight standards
could be proposed.

As the single largest source of emissions for the manufacturing of the new product is energy
production, different energy production scenarios were analysed based on current trends in
the industry. The scenarios were analysed regarding technological, economic, and
environmental performance. Renewable energy scenarios should be considered a priority.
However, fossil resource use was also considered, as the technical and financial benefits
might outweigh the environmental disadvantages.

Three energy production scenarios were analysed: wood biomass combined heat and power
(CHP) plant, a natural gas CHP plant and a standalone wood biomass combustion plant
combined with solar photo-voltaic (PV) panels. The analysis results show the wood biomass
CHP plant as the best scenario for energy production for the new manufacturing plant.
However, the other scenarios are relatively close in evaluation.
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Carbon has emerged as a crucial metric for monitoring the advancement of new technologies and the use of existing
ones. Comparing different biomass types by mass is often unfeasible, given their distinct properties and potential
applications. However, carbon can function as a normalization factor, enabling us to compare the potential impact of
various biomass types on climate change. It has been established through political consensus that carbon emissions need
to be reduced and that resources have been utilized in an irrational manner. Today we understand that the achievement
of future economic growth can only be facilitated by the adoption of more efficient resource consumption practices. The
bioeconomy has been overlapping with the circular economy, indicating that bio-based materials can be repurposed,
recycled, and remain a part of the economy for a longer period. The objective of this paper is to assess the carbon flux
within Latvia's wood-based economy, as well as the potential influence of introducing novel product integration into the
wood-based value chain. Ministry of Environmental Protection and Regional Development of the Republic of Latvia have
developed a “Strategy for Low-Carbon Development in Latvia until 2050” (OMA Strategy). The goal of the OMA strategy
is to reduce Latvia's national economy's greenhouse gas (GHG) emissions by 80% compared to 1990 levels and achieve
carbon neutrality by fully offsetting the remaining anthropogenic GHG emissions with increased carbon sequestration
measures by 2050. The importance of accurate information is emphasized in the OMA Strategy in order for policymakers
to help guide consumption decisions. Emphasizing that data sheets aren’t enough and the impact of resource use
throughout the life cycle is needed. Over the past decade, numerous studies have been conducted to investigate
possibilities for enhancing the efficient utilization of wood biomass[1]-[3]. In certain instances, life cycle assessments
(LCAs) have been employed to illustrate potential environmental benefits[4], [5]. Although LCA is an excellent method for
evaluating a product's environmental impact across multiple categories, this technique is static and only provides a limited
snapshot of one product-specific part of the economy. To depict and project carbon fluxes in the whole economy, system
dynamics modelling can be employed[6], [7]. In system dynamics modelling, the system's behaviour is depicted using
stocks, flows, and feedback loops, the model itself is founded on a mathematical model that unites differential and
integral calculus. Differential calculus is employed to model the rate of change of variables over time, while integral
calculus is utilized to model the accumulation of variables over time. Stocks denote the amassed quantity of a variable
over time, such as carbon in forest biomass[8], carbon in extracted timber, and carbon in manufactured products. By
scrutinizing the carbon dynamics through system dynamics modelling, it becomes possible to evaluate the long-term
impacts on carbon flux done by novel technology integration in the economy. During the research phase, multiple
innovative wood-based products were integrated into the system dynamics model, illustrating the system dynamics
modelling as a valuable tool for long-term carbon policy planning. In the future the developed system dynamics model
could be further developed making it suitable for policy planning and resource allocation, favouring innovations with
bigger carbon offset potential in the long run.
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The efficiency of renewable bioresources is becoming increasingly important. Along with the European Union’s
Green Deal and plans to decouple economic growth and prosperity from resource consumption, a new way of
thinking must be adopted. Resource efficiency is no longer limited to electricity, heat or non-renewable re-
sources. Previous studies have described the classification of the value of bioresources, which is usually formed
as a pyramid depicting the values of the obtained products and the demand for their volume. The approach of the
circular economy in the bioeconomy with its principles - reuse, recycle and regenerate - is also widely described
in the scientific literature. Combining these two approaches, we created a bioresource utilization index, which
would show the efficiency of bioresource use in an enterprise, along with the enterprise’s contribution to the
bioeconomy. In open interviews with representatives from multiple companies, we identified bioresource flows
and mapped the factors that influence these flows in an enterprise. The proposed bioresource utilization index
gives an insight into resource efficiency in a specific enterprise by quantifying the incoming raw material, the
outgoing product, by-products, and waste. The elucidated factor nexus could be used as a map for easier

detection of place for improvement.

1. Introduction

Although environmentally friendly consumer choice is an important
driver toward sustainability, production companies have the biggest
impact on resource efficiency. With the global efforts of disjointing
economic growth and resource consumption it has come clear that
resource efficiency is the most reasonable approach (Wood et al., 2018).
Today bioeconomy is viewed not only as bioresource based economy,
but bioeconomy also implies sustainable bioresource consumption by
adding value to society.. Although, European Union directive 2008/98/
EC (European Parliament and Council, 2008) defines that by-products of
production are not classified as waste, in reality often by-products of
production are treated as waste in enterprises and sent to waste streams
or to low value streams like biogas or solid fuel production. Often small
and medium-sized enterprises lack the skills, knowledge and capacity
for scrutinous bioresource flow tracking, leading to inefficient
by-product utilization and an increased enterprise’s impact on the
environment(Khalili et al., 2015). In this study we have evaluated
various factors impacting by-product utilization or redirection to waste
or low value product streams. All factors are interlinked in “bioresource
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nexus” and specific indicators can be used to describe these linkages
(Fang and Chen, 2017). We propose a simple calculations’ method to
determine the by-product utilization efficiency describing the “Waste —
bioresource” linkage. In conventional economics demand creates sup-
ply, in bioeconomy the demand for bioresource is often limited to
technological capabilities and knowledge base of stakeholders. One
resource can be used to produce products with various added value
levels (Stegmann et al., 2020) and cascading is viewed as the most
sustainable way of bioresource utilization. Cascading refers to bio-
resource utilization for higher added value product production where
the created leftovers are redirected to production of another, usually
lower value, product (Hoglmeier et al., 2015). Cascading can be done in
a production company by creating product driven biorefinery, but also it
can be implemented by cooperation between enterprises and creation of
industrial synergies(Ubando et al., 2020).

While technological approaches in food manufacturing have offered
new markets and opportunities, they must also respond to the changing
environmental concerns (Wu et al., 2010). Conservation of resources,
recycling and reuse of materials, utilization of by-products and
bioconversion of waste materials in addition to reduction of
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environmental loadings are contributing to sustainability (Afonso R.G.
de Azevedo et al., 2019; Afonso Rangel Garcez de Azevedo et al., 2020;
Kroyer, 1995). Waste is quite a broad term including wastewaters,
agricultural residues as well as residues from slaughterhouses (Evans,
2013). Each of these types of waste burdens environment in different
ways. Wastewaters might bring toxic pollutants within them causing
stress to aquatic ecosystems and reducing biodiversity (Kuzmanovic
etal., 2016). In addition, elevated biological oxygen demand (BOD) can
cause dead zones (Munoz et al., 2006). Organic matter, like manure and
agricultural residues, but mainly food waste are causing methane pro-
duction due to anaerobic digestion taking place in landfills (Clemens and
Cuhls, 2003). 18-68% of municipal solid waste can be organic (Ismail
and Yusuff, 2013), moreover households with higher income level are
producing more organic waste linking waste production with
socio-economic factors (Bandara et al., 2007). Despite this link it is
almost impossible to assess the waste to bioresource flow on national
scale due to limitations of available data. Waste burden on the envi-
ronment has led to development of various technologies to relieve the
stress, the most noticeable being wastewater treatment, reducing BOD in
natural waterbodies (Saad A, 2009) and landfill gas collection facilities
(Trubaev et al., 2018). In many cases, reducing the burden on the
environment has led to profit generation. For example, in Latvia, SIA
“Getlini Eko” - the biggest municipal solid waste management company
has developed a profitable side business by collecting landfill gas. The
use of heat energy and electricity generated from landfill gas combustion
allowed them to successfully grow tomatoes (“Getlini skaitlos | Getlini.
Lv,” n.d.), in this case an energy intensive culture (Dorais, M., Schwarz,
2018) is produced entirely using organic waste. Nexus impacting this
decision is further investigated in this study using other enterprises.

The abovementioned example is an apt representation of bio-
economy, showing that waste can serve as raw material for acquiring
other products (Evans, 2013). According to the European Commission
“bioeconomy [...] encompasses the production of renewable biological
resources and the conversion of these resources and waste streams into
value added products, such as food, feed, bio-based products and bio-
energy” (EUROPEAN COMMISSION, 2012). OECD in their definition
concentrates on the benefits bioeconomy is providing to the society:
“bioeconomy to be the aggregate set of economic operations in a society
that use the latent value incumbent in biological products and processes
to capture new growth and welfare benefits for citizens and nations™
(OECD, 2006). Though expressed differently, one can argue that waste is
the very embodiment of “latent value” as often waste is sent to polygon
despite the possibilities for acquiring higher added value products, like
reducing sugars(Jiang et al., 2014; Rosales et al., 2002; Van Wyk, 2011)
that can further be used for ethanol or even enzyme production (Rosales
et al.,, 2002). Perhaps the most obvious use of waste is biogas production
(Zhang et al., 2014), this can be done straight in polygon of municipal
waste (Trubaev et al., 2018) or in biogas plants (Rasi et al., 2007). So,
despite absence of the term “waste” in the OECD definition, it is still
considered a crucial bioresource and its value depends on the selected
management approach.

The OECD project to design a bioeconomy policy agenda for gov-
ernments is strongly concentrated on biotechnologies like gene engi-
neering not once mentioning waste (OECD, 2006). The EU approach is
more grounded and oriented on managing resources to their full po-
tential — using every bit of raw material The OECD approach is oriented
on using bioresource to their highest potential — creating products with
the highest possible added value. When it comes to the actual situation,
there are plenty of companies producing waste, but fewer companies are
applying biotechnologies-gene editing or modified organisms. There are
almost half a million manufacturing enterprises in the EU using
bio-based raw materials, and accordingly producing waste (eurostat,
2015). The actual amount of produced waste is unknown.

In this study using bottom-up approach we have investigated the
enterprise level of biomass utilization — enterprises using biomass to
produce specific products. By using cleaner production principles an
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enterprise can not only reduce its negative environmental impact, but
improve overall bioeconomy (Khalili et al., 2015). Hence, from research
point of view it is important to elucidate factors affecting the resource
flow and the indicators that would show comparable reflections of
bioresource utilization in any enterprise dealing with organic resource
flows. We have analyzed the nexus involving biomass, waste and bio-
products, as well as additional factors in this nexus. In addition, we are
proposing an indicator for evaluation of by-product utilization in an
enterprise.

Waste and bioresource can be one decision away from each other. So
far industrial energy efficiency is studied as the main position to cut
down CO; emissions and reduce the industry’s caused effect on climate
change (Klemes et al., 2012), “Our World in Data” reports that the
electricity and heat production sector is the biggest CO2 emitter (Ritchie
and Roser, 2019). As our understanding of the natural carbon cycle and
storage becomes broader, there are more policies aimed at preventing
destruction of carbon rich biotopes (Janowiak et al., 2017; Sullivan
et al., 2017) as well as stimulating circular economy. In 2015 the Eu-
ropean Union adopted a whole Circular economy package including
specific deliverables (FEuropean Commission, 2015). Nevertheless, there
are ongoing discussions on how to evaluate and measure various factors
impacting industrial energy efficiency (Cagno et al., 2013; Sorrell et al.,
2011), but factors for bioeconomy have not been discussed enough.
Industrial clusters have been drivers for development of various com-
petences, there are clusters related to bioeconomy with respective key
performance indicators (Axelsson et al., 2012), 78% of these indicators
are economical in nature.

In line with bioeconomy, technology as a term covers a vast field —
from mechanical technologies to biotechnologies like gene engineering.
As bioeconomy is based on bioresources — increasing bioresource pro-
ductivity means larger capital circulation in this field. In earlier stages of
industrial development, increase of bioresource amount in economy was
achieved by simply expanding land used for bioresource cultivation.
With growing threats of climate change and decreasing area of wildlife
habitats (Powers and Jetz, 2019), it has become clear that expansion is
not an option anymore and other ways for acquiring greater amount of
biomass needs to be found. Today it can be done by using biotechnology
tools and techniques. Hence, there has been a great boost to bioeconomy
from the field of life sciences. Possibilities for boosting lipid production
in plants (Vanhercke et al., 2014) and microorganisms (Tai and Ste-
phanopoulos, 2013) have been studied widely for further applications to
biodiesel production, in addition, manipulations to achieve better lignin
biomass for 2nd generation biodiesel production have been studied
(Vanholme et al., 2012). EU is recognising the importance of technolo-
gies in life science. According to Deloitte research, EU has the biggest
cited publication amount in the field of biotechnology in comparison to
the United States and the major Asian countries (Deloitte, 2014). In
addition, considerable amount of financial resources are dedicated to EU
Food, Agriculture, Fisheries and Biotechnology programme Activity 2.3:
“Life sciences, biotechnology and biochemistry for sustainable non-food
products and processes” (Levidow et al., 2012).

When it comes to manufacturing companies, technologies usually are
a crucial part of production. Applying effective technologies in the
production process can reduce the amount of generated waste or simply
increase the production yield. As food production companies are dealing
with a considerable amount of organic matter, this could be a field with
potential for bioeconomy development.

Nevertheless, there are multiple factors impacting bioeconomy
adoption. In this study we elucidate factors affecting this segment of
circular bioeconomy development and propose an indicator to charac-
terize the utilization of bioresource’s potential. As a case study we
analyze two producers using the same type of biological raw material
but creating different products. Varying waste types allowed us to
calculate various scenarios for by-product utilization. Although the EU
have clearly defined the difference dividing waste from by-product, after
interviewing managers in three enterprises, we concluded that terms by-
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product and waste are used interchangeably. Fig. 1 represents a scheme
adopted from Eurostat Manual on waste statistics (eurostat, 2013), with
our modification to show the dissolved border between by-products and
waste.

To evaluate reasons behind decision making leading to various
choices, multiple interviews were conducted with production managers
as well as representatives from companies dealing with produced waste.
In real-life situations by-products and primary waste are not so clearly
divided, as companies often discard by-products as waste, in some cases
by-products are used, but not to their full potential.

In bioeconomy resource value can be estimated from the bio-based
value pyramid representing five ways for biomass use: (1) Pharmaceu-
ticals and Fine chemicals (PFCs); (2) Food and Feed; (3) Bioplastics and
Polymers; (4) Bulk chemicals, and (5) Energy, Heat and Fuels in
descending order of value (Stegmann et al., 2020). Although biogas fits
in the fifth category as a source of energy, we argue that the fourth
category would be better fit for biogas. As in the burning process organic
compounds are oxidised to carbon dioxide (a well-known greenhouse
gas) leaving only ash, after biogas production the leftover digestate can
be used to improve the nutrient content in soil (Pubule et al., 2015). This
classification is used by Stegmann et al., representing energy recovery
and composting as part of circular economy, partially feeding back re-
sources into sustainable biomass sourcing (Stegmann et al., 2020). In
EU, biogas for the heat production [ktoe] has increased six times in the
last 15 years and solid biomas use has increased only by 20%. Trends
show that raw biomass proportion for heat and energy production has
been reduced (Banja et al., 2019). In this study we differentiate solid
biomass fuels from biofuels like bioethanol and biobuthanol that both
are considered as bulk chemicals.

The top of the bio-based value pyramid is occupied by PFCs as usu-
ally these products have higher economic value due to their importance
and small concentrations in the raw biomass. Depending on the
extraction method of PFCs’ their by-products could be further used
(Kumar et al., 2017). . One example of bioresource use in PFCs is po-
tatoes —a product that is typically used for food and feed, but can also be
processed into PFCs such as ascorbic acid and phenolic compounds
(Priedniece et al., 2017; Singh and Saldana, 2011). More importantly,
some PFCs can be extracted from by-products, for example ascorbic acid
and some phenolic compounds can be extracted from potato peels
increasing the added value of the by-product from food industry.

All material that is
deliberately created
in a production
process

A material that is not
deliberately created in a
production process but may or
may not be a waste.
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The goal of this study was to elucidate factors affecting the produc-
tion by-product flow from waste to bioresource as well as to develop an
index for bioresource utilization efficiency in an enterprise. In line with
this study we conducted a deeper investigation of by-product flows in
two enterprises using the same raw material. Investigating specific by-
products and identifying alternative applications for those products
gave us the opportunity to evaluate various scenarios of bioresource by-
product utilization. In addition, the conducted interviews allowed us to
elucidate factors and their interlinkages impacting the development of
bioeconomy.

2. Methods
2.1. Interviews

To evaluate the link between waste and bioresource, as well as
various factors impacting the proposed indicator of this link, qualitative
interviews with managers from involved enterprises were conducted.
The interview format was semi-structured, as this type of interview lets
the interviewer to ask open questions and gives the possibility to go
deeper into various aspects of the revealed facts (Jamshed, 2014).
Semi-structured interviews have been already used in bioeconomy
research (D’Amato et al., 2020; Gardan et al., 2018). During the in-
terviews, the overall attitude and motivation regarding bioresource,
by-product and waste utilization was determined. Efficiency of
by-product utilization was determined by collecting data from enter-
prises, including real consumption of raw materials as well as the pro-
duced bio-waste and by-products. Technical directors of three
enterprises using the same bioresource as raw material were inter-
viewed. Due to sensitive information interviewees were providing, in-
terviews were not recorded, instead the interviewer produced
comprehensive notes on the acquired information.

2.2. Nexus building

Bioresource nexus was created by analyzing the information ac-
quired in the interviews and validated with literature analysis and by-
product data from the enterprises in question. Qualitative and quanti-
tative data were collected from interviews (see section 2.1.). The overall
methodology for building of bioresource nexus is shown in Fig. 2.

Fig. 1. Waste generation scheme
(eurostat, 2013). Original source depicts
waste generation streams represented
by arrows. Scheme modifications
include by-product-to-primary waste
flow represented by dashed line,
showing the fuzzy division of both. Flow
is impacted by factors discussed further
in this work. As in the original source,
the economic activity excludes waste
treatment facilities emphasizing the

Private households

Consumption residue

Arise from consumption in
private households and
businesses

Primary waste

Any substance or object which
the holder discards or intends
to, or is required to discard

Any production residue that is
not a waste

importance of keeping bioresource in
the production sector represented by
“Economic activity”.

Waste treatment facilities

Waste treatment residues

Waste generated by waste
treatment facilities during the
process of waste treatment

Secondary waste
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Fig. 2. Bottom-up approach for bioresource nexus building.

Following the algorithm, two interviews were conducted, then as the
second interview elucidated new factors, a third interview was con-
ducted. The created algorithm demands to continue interviews until
there are no new factors. In this specific case study, three interviews
were sufficient. Steps two and three represent the minimum interviews
necessary to gain an overall idea of the factors impacting the specific
subject. As during second interview some new factors were identified,
third interview was conducted to see if more factors would be identified.
If there are no new factors the algorithm continues. The research was
divided in smaller modules for a structured approach. While picking
enterprises for this research, various production companies using the
same type of biomass as a raw material were considered. An important
factor in choosing the enterprises was their willingness to participate.
The overall methodology algorithm is depicted in Fig. 2. The study
consisted of two parts: (1) data gathering and nexus building, as well as
(2) nexus validation. Bioresource flow analysis was conducted, by
analyzing bioresource and waste data acquired from the enterprises.
After additional literature analysis nexus was completed.

The methodology depicted in Fig. 2 can be applied for evaluation and

building of various nexus using a bottom-up approach. In this study the
bottom-up approach allows to analyze factors for organic by-product
flow back into bioeconomy through bioresource. Nexus provides infor-
mation on factors impacting the system, but additional by-product data
analysis provided information on effectiveness of this by-product —
bioresource flow.

2.3. Alternative scenario analysis

Bioresource flow in an enterprise was evaluated by comparison with
waste management hierarchy (Demirbas, 2011) and bio-based value
pyramid (Stegmann et al., 2020) shown in Fig. 3 with the chosen co-
efficients from O representing no value and 1 representing the highest
possible added-value to bio-based material. The bio-based value is
assigned to the raw material or the by-product when it is used for the
corresponding application in the bio-based pyramid.

For evaluation of bioresource utilization in the enterprise, alterna-
tive scenarios for two of the enterprises in study were designed. Only
two out of three enterprises gave the consent for further data analysis,

Pharmaceuticals & Fine chemicals

BBV1

Food & Feed
Bioplastics & Polymers

Bulk chemicals and Biogas

Energy, Heat & Fuels*

Fig. 3. Bio-based value pyramid. Five bioresource utilization options by categories and assigned coefficients corresponding to each group of bioresources (Stegmann
et al., 2020) BBV - bio-based value and the corresponding coefficient, 1 representing the greatest value and O representing no value from the point of bioeconomy.



1 Vamza et al.

nevertheless due to the small number of enterprises in Latvia none of the
companies gave the consent to reveal their company name. Hence, we
could proceed with only two enterprises with specifics like enterprise
name and specifics on production concealed. Each level in the bio-based
value pyramid (Fig. 3.) was given a corresponding coefficient repre-
senting the value for bioresource utilization — coefficient of 1 was
attributed to PFCs, coefficient of 0.75 to Food and Feed, 0.5 to Bio-
plastics and Polymers, 0.25 to Bulk chemicals and Biogas, but Energy,
Heat and Fuels were assigned the value of 0. The bioresource utilization
index provides insight into production efficiency regardless of the
product type, hence no value is assigned to the product. The calculations
were conducted with various generated by-product utilization options
and attributing corresponding coefficients from the previously described
bio-based value pyramid.

By, = (P+BPy X ¢l +BPy X ¢2+ BP3 X 3+ BPy x ¢4+ BP5 x ¢5) /RM

Uind,

Buyind. — Bioresource utilization index; P — product [kg of dry weight];
BP,, — by-product [kg of dry weight]; c, — coefficient assigned to bio-
based value pyramid; RM - used raw material [kg of dry weight].

The calculations were made using dry weight. If there were no
available data on the actual dry weight of the by-product, estimations
were made by using values found in literature. To assign a specific bio-
based value for each by-product, at first the data for by-product amounts
were collected and the dry weight was determined by literature analysis.
The main categories analyzed were peels, damaged raw material, raw
material that does not meet production standards, products that do not
meet the market standards, other production leftovers, dissolved sugars,
and undissolved starch. As company managers disagreed to more
detailed information disclosure, the raw material, product or production
technology could not be described in this work.

3. Results and discussion

In this study, nexus of factors impacting waste to bioresource was
built. In addition to the main bioeconomy impacting factors described
by Zihare et al., (2020) (Zihare et al., 2020), a few new factors were
detected using the bottom-up approach. Factors like Behaviour and
Financial resources were elucidated only when bottom-up approach was
used.

It is important to notice that a large proportion of biomass defined as
waste is in fact by-products according to the EU definition, but in some
cases, production managers are referring to by-products as waste. The
by-product group might be referred to as waste only due to lack of
technology — by-products might spoil due to inappropriate storage or
they can be hard to retrieve, like sugars from waste after blanching.
Nevertheless, behavior and knowledge strongly impact the by-product-
to-waste flow. When enterprise’s management does not want to deal
with finding new applications or buyers of the by-products, the biomass
is simply directed to waste stream. In addition, companies worry about
disclaiming their practices publicly, this can slow down the progress and
opportunities for innovation as there is no exchange of information
amongst enterprises sticking to closed innovation.

According to Demirbas (2011), waste reduction is the most preferred
waste management option (Demirbas, 2011), according to elucidated
nexus, waste can negatively impact company’s financial resources and
positively impact available bioresource amount. In case of blanched,
peeled, and ready to use vegetable production, more efficient peeling
technologies might be implemented to reduce the total amount of peels
generated. In many cases by-products properly treated would not
become waste, hence proper utilization of them would reduce the
relative waste amount in proportion to the product.

After analyzing links and respective products, we came to conclusion
that indicators for these links might be economic or technologic in na-
ture. An indicator can characterize the economic value of byproducts,
energy efficiency of technology or efficiency of the production itself.
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It is a frequent practice to motivate companies for research and
development by providing incentives specifically for technologies
reducing carbon emissions (Uyarra et al., 2016), alternatively fines are
used as a tool to prevent companies from pollution.

In every enterprise there are already existing technologies affecting
the overall production process. After interviews we concluded that the
existing technologies are impacting the production efficiency, which is
in turn affecting the amount of generated waste. As waste increases the
risk of pollution (Van Wyk, 2011) and climate change due to methane
production in landfills (Davidsson et al., 2007; Trubaev et al., 2018),
these climate threats are leading to policy change from local authorities.
Enforced policy might provide incentives for developing cleaner pro-
duction, alternatively taxes might be enforced on the disposed waste
(Dvulit et al., 2019). As these policies cause pressure on an enterprise’s
financial resources, enterprises are forced to invest in R&D to search for
solutions that might reduce the amount of waste. This loop represents
the decision making process, before implementing new technologies,
their cost-benefit analysis is conducted. If a new technology costs more
when introduced, causing new pressure on the financial resources,
hence R&D phase continues starting the loop again. Two new technol-
ogies might be considered — one that reduces waste during production
and another that allows to extract bioresources from waste. Both ap-
proaches can lead to reduction of waste. In terms of waste management —
reduction is the most preferred option (Demirbas, 2011), but using
waste to produce PFCs can be considered as a good option as well. As
mentioned above — diverging by-product flows to production of another
product group from the top of the bio-based value pyramid can lead to
value cascading, hence prolong resource circulation in bioeconomy.

In the discussed examples of path B, the loop finishes with a positive
feedback on financial resources. In this specific case study, two instances
when R&D lead to path A and three leading to path B were detected. One
instance from path A led to path B in a previously described manner (see
Fig. 4).

The overall enterprise nexus was developed including additional
factors. After analyzing information acquired in the interviews, we
concluded that knowledge and behavior are crucial factors in this nexus.
Although, companies are not always aware of this, knowledge and
behavior in a company can lead to implementation of a new, more
environmentally friendly, technology (Del Brio and Junquera, 2003). It
is clear how financial resources in a company play a large role in envi-
ronmental innovations (Uyarra et al., 2016), but behavior and company
culture is often left out of the picture.

As can be viewed in Fig. 5, local policies, production as well as
knowledge and decision makers in a company are impacting the link
between waste and bioresources. The gray area in Fig. 5 represents
factors that are out of enterprise scope, although climate change and
pollution might have an impact on enterprise functionality — there could
be a pressure to relocate the production site due to lack of resources
(Gasbarro et al., 2016; Linnenluecke et al., 2011). These two factors
have a long-term impact, hence policies imposing fiscal measures have a
more noticeable and rapid impact. For bioeconomy evaluation a central
core consisting of bioresources-production-waste leading back to bio-
resources was detected. In this case waste represents lost or disposed
resources, by-products used efficiently lead back to bioresource and are
used in the production of another product.

To evaluate company’s added value to circular bioeconomy, a bio-
resource utilization index was calculated using the approach described
in Methods section. For this analysis two enterprises from the three
interviewed before were chosen. An overall bioresource utilization state
in an enterprise is estimated — a bioresource utilization index closer to 1
shows better by-product (bioresource) utilization. The constructed sce-
narios with corresponding biomass utilization indexes are represented in
Table 1.

Two studied cases and four alternative scenarios for each case. RM —
raw material, BBV 1 to O represents bio-based value pyramid levels
starting from the top. Percentages in the table represent the amounts of
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Table 1

Alternative scenario representation by biomass allocation. By-product flows by dry weight. RM — raw material; BBV — bio-based value represents the added value to
biomass. Added value is represented with corresponding coefficient 1-high value, 0.75- Moderately high value, 0.5-medium value, 0.25-low value and 0-no value.
Table represents the allocation of biomass by dry weight in constructed scenarios (I, III to VIII and X) and detected scenarios (Il¢sse and IXcase) for Enterprise No. 1 and

Enterprise No. 2.

Scenario RM BBV1 BBV0.75 BBV0.5 BBV0.25 BBVO Waste Product

Enterprise No. 1 1 100% 0% 0% 0% 0% 0% 34% 66%
1T case 100% 0% 0% 0% 34% 0% 0% 66%
it 100% 0% 5% 0% 12% 0% 17% 66%
v 100% 0% 0% 0% 12% 7% 16% 66%
v 100% 9% 6% 7% 12% 0% 0% 66%

Enterprise No. 2 VI 100% 0% 0% 0% 0% 8% 32% 59%
VI 100% 0% 0% 0% 0% 0% 41% 59%
VIIT 100% 0% 0% 0% 37% 0% 3% 59%
IX case 100% 0% 5% 0% 32% 0% 3% 59%
X 100% 9% 32% 0% 0% 0% 0% 59%
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dry biomass sent to a specific product, waste, or by-product stream.
Scenarios represent by-product use for pharmaceuticals and fine
chemicals BBV1, food and feed BBV0.75, bioplastics and polymers
BBVO.5, bulk chemicals and biogas BBVO0.25, energy and heat BBVO.
Waste is dry mass of wasted organic by-products and waste as rotten raw
material. BUjpg — the calculated bioresource utilization index. Actual
situations in respective two enterprises: II page — the base scenario for the
first enterprise, IX pase - the base scenario for the second enterprise.

Each company is represented by five scenarios, I to V and VI to X for
each company, respectively, with base scenarios II for the first and IX for
the second. For each enterprise in the worst-case scenario II and VII it is
assumed that damaged raw material and all generated by-products,
products that do not meet market standards, and other production
leftovers are sent to waste and sugars along with starches that are not
retrieved from water or used in any other way. By calculating the worst-
case scenario, it is possible to evaluate the general efficiency of pro-
duction process, as the index shows how much product can be acquired
from a certain amount of raw material. There might be two explanations
if the index is exceptionally low; in this case - first, the raw material
contains a small concentration of the product or second, the technology
is inefficient and there could potentially be a place for improvement.
Base scenario for both production companies included storage of raw
material, in this step material could be lost as it might get damaged due
to incorrect storage conditions or simply prolonged storage. The enter-
prise represented in cases VI to X does not store the raw material as long
as the first enterprise. The damaged raw material is stored as waste and
sent to a biogas production plant along with other raw material that has
been sorted out due to being unfit for production needs.

Scenarios I to V included peeling where up to 5% of raw material is
excluded from further production. As scenario II (actual situation) shows
— at this point peelings are stored as waste and transferred to biogas
production plant. In scenarios II to V and VIII to IX still at least 12% of
the raw material or by-product is sent to biogas production, this is the
amount that is damaged during storage or sorted out for not meeting the
safety standards for being used as food. In scenarios III, V, IX and X a
significant amount of created by-products is used as food and feed.
Usually, the sorting process is meant for sorting out damaged raw ma-
terials or products that are not meeting the market standards. However,
in many cases the raw material or product is in good condition, it is
simply misshapen, or size does not match the production line re-
quirements, hence it could still be used as food or feed. In scenarios IIT
and V peels are used for animal feed, in addition, in scenario V a small
portion of the raw material was used as a food product, because the
amount of raw material was too small for production line. Although it is
quite easy to redirect such by-products as peels and misshapen vegeta-
bles to livestock feed, it might be more feasible to sell these by-products
to food producers. The well-known Yurosek case proves that even
misshapen vegetables can be used to produce higher added value foods -
in 1986 Yourosek as an entrepreneur decided to try out producing
“baby-carrots” from overgrown and misshapen carrots by cutting and
physically shaping them into bite-size shapes (Sidhu, 2010), hence
increasing the economic value of this bioresource from animal feed to
food. The smaller size of the raw material was in higher demand from
restaurants. Scenarios IV and VI both show that a portion of by-products
is being used to create solid fuels. as energy recovery is considered
downcycling of a material (Passarelli, 2019), this is the least preferable
utilization option of a material. This idea is supported by the proposed
bioresource utilization index, as scenarios IV and VI generate one of the
lowest bioresource utilization index, lower being only scenarios where
all generated side streams are redirected to waste. A portion of the
analyzed material is leached into water by blanching in the form of
simple sugars or as starch during washing and cutting or grinding pro-
cess. Best case scenarios V and X explore the option for these carbohy-
drates to be used for fine chemical production by the mixotrophic
cultivation of algae(Mitra et al., 2012) (Heredia-Arroyo et al., 2011) or
other microorganisms. In addition, scenario V explores the option of
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leached starch to be used for poly-lactic acid production as in this en-
terprise a considerable amount of starch was lost as suspended solids in
wastewater. As mentioned before, BBWO.25 is assigned to by-products
used for biogas production. This is the most popular choice in enter-
prises dealing with organic by-products. The lowest bioresource index
represents scenario where all by-products are wasted, in this case the
index is dependent only on product/raw material ratio. As can be seen in
Fig. 5., the highest bioresource utilization index calculated was 0.88.
The highest score in bioresource utilization index is affected by best
available techniques as well as the demand from PFC industry as in most
cases status quo in this industry is to purchase raw materials with the
highest purity. As more environmentally sustainable and safe options
are becoming more popular in the PFC industry, more options for wood
biomass utilization are surfacing in the market. Wood used to be on the
bottom of the bio-based value pyramid, but today there are plenty of fine
chemicals being extracted from it, such as terpenes (Tanzi et al., 2012),
lignin (Alinejad et al., 2019) and betulin (Dehelean et al., 2012). It is
expected that opportunities for vegetable and fruit peels and other food
production by-product utilization will grow, as more research trying to
find possible uses for them is taking place (Rafiq et al., 2018; Singh and
Saldana, 2011).

As mentioned before, production companies often choose to direct
by-product to biogas production (in this study represented by BBW 0.25
or 4th level from the top), although this study shows that often by-
products rich in reducing sugars might be used for PFCs production
(Escaramboni et al., 2018; Priedniece et al., 2017), if veterinarian
standards are met, by-product can be used as feed for livestock.

The overall comparison between scenarios can be seen in Fig. 6. In
food processing industry, sugars and soluble proteins are lost during
blanching (SELMAN, PRICE, & ABDUL-REZZAK, 1983), retrieving these
compounds from wastewaters requires too much energy for this process
to be feasible. Organic compounds like starch can be extracted from
production wastewaters (Da et al., 2008). In addition, after starch
extraction from the raw material, juice is produced as by-product, it is a
colloid substance that can be used for soil fertilization or proteins can be
extracted and used as feed (Priedniece et al., 2017).

Hence in these calculations, the weight lost during blanching is
considered as lost raw material. For determination of bioresource po-
tential use in the enterprise, all biomass materials should be considered
as bioresource.

4. Conclusions

The elucidated nexus can help to identify potential factors for en-
terprise development towards bioeconomy and effective bioresource
utilization. Deeper exploration of the Core of nexus (bioresource-prod-
uct-waste) led to mathematical descriptions of linkages within this core.
The proposed bioresource utilization index puts the state of by-product
management in perspective. This indicator could be used to gain the first
insight into by-product management in relation to best available tech-
niques. Production of different products will give differing maximal real
index values. If the company is producing frozen produce, it is expected
for them to have a different amount and type of by-products than a
company producing baby food Because quality standards as well as
volumes and types of by-products differ. The work on the bioresource
utilization index could be continued by investigating the maximal real
bioresource utilization index for production of specific products, for
example, wood fiberboard. The calculated maximal index would be
useful for all fiberboard producers who would be interested in their by-
product management efficiency and overall production compliance with
bioeconomy. The index is not restricted to wood biomass; it could be
calculated for any type of biomass or biomass combinations. Another
factor affecting the biomass utilization index is product to raw material
ratio, this ratio can be increased by improving production technologies.
For example, reduction of vegetable peel thickness can decrease the
amount of wasted product, instead of directing the material to by-
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Fig. 6. Bioresource utilization index calculated for Enterprise No. 1 and 2. actual situations represented by case II and IX and four alternative scenarios (I, III to VIII
and X). Baseline is represented by median from all ten scenarios as one bioresource is used in all cases. Baseline shows that actual scenarios are very close to median
(orange), showing that actual situation is somewhat in-between of worst and best possible case.

product flow it could be used for target product production.

Policy trends in European Union are promoting waste reduction, in
addition, reports on misclassification of waste have been published.
With the coming years it is expected for enterprises to become more
thoughtful with the by-product and waste utilization. We have shown
that bioresources could be audited not only from the perspective of
waste utilization but from the perspective of resources. Proposed bio-
resource utilization index gives an insight into resource efficiency in
specific enterprise by quantifying incoming raw material, outgoing
product, by-products, and waste. The elucidated factor nexus could be
used as a map for easier detection of place for improvement. In the
future work we plan to elaborate on the financial aspects of the utili-
zation of production residues, to kick-start the bioresource evaluation
discussion, in this paper we are offering coefficients based on existing
bio-based value pyramid with 5 levels of values represented by five
product groups.
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