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The current linear economy system has failed to preserve nature and induced severe environ-
mental burdens such as pollution and climate change threatening the living on Earth. The shift to
circular economy is then crucial. As a major source of waste and by-product generation while
possessing high potentials of nutrient and energy recovery, bio-based side and waste streams
valorization and utilization play a crucial role in establishing the circular bioeconomy within the big
picture of the circular economy.

In dedication to foster the transition to circular bioeconomy, this thesis aims to create an over-
view of the operating environment of circular bioeconomy for biogas and nutrients and identify its
associated challenges and opportunities. To reach the goal, the research work was conducted
following the literature review of the state-of-the-art valorization and digitalization technologies
and legislations, 10 stakeholder interviews and 1 questionnaire for the 3 case studies of HAMK
manure hygienization project, MTK e-marketplace and ECO3 industrial ecosystem. Those 3 case
studies represent the 3 circular bioeconomy operational models of self-sustaining circularity, rural-
urban symbiosis, and industrial ecosystem to be assessed for circular bioeconomy systemic op-
eration. PESTLE analysis is utilized to assess the circular operational environment from different
perspectives of political, economic, social, technological, legal, and environmental factors. The
operational challenges and opportunities are determined through literature review in addition to
the validation and opinion of stakeholders on the practical operational environment.

According to the literature review and stakeholder interview, key elements impacting circular
bioeconomy operation are feedstock availability and quality, technical operation, financial viability,
policy and legislation change, social acceptance, resource competition and virgin material alter-
native.

The common adopted valorization technologies for BSWS are biological methods including
composting and anaerobic digestion. The main technical challenge following it is to ensure prod-
uct quality whose root causes are from feedstock quality and availability and unsustainable mate-
rial design. Technological cure solving the problem from the earlier cause can bring more efficient
and cost-effective effects. Data and digitalization technologies can foster the transition to circular
bioeconomy through e-marketplace, artificial intelligence, and blockchain-based value chain man-
agement system. The challenge for it remains in the high-tech adaption and digital infrastructure
requirements.

The policies and legislation are moving towards CBE promotion through biowaste separation
mandate and renewable energy target. However, unharmonized regulations, restriction on BSWS
product entry, taxation and low circularity incentives are the noticeable legislative challenges. In
addition, more financing and fiscal supports for small operation are needed as developing small
self-sustaining circularity model can reduce great burden for further logistics and treatment.

Initiating systemic transition to circular bioeconomy requires close interlinkage between small
self-sustaining circularity, medium rural-urban symbiosis, large industrial ecosystem operation
models, and stakeholder engagement. The driver for transition is the combination of technological
push, market pull, political support, and sociocultural change to adopt circular products and ser-
vices. The role of the system orchestrator is crucial to foster stakeholder collaboration and make
that combination feasible.

Keywords: Circular bioeconomy, bio-based side and waste stream, valorization,
digitalization, legislation
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PREFACE

This master’s thesis is commissioned by VTT Technical Research Centre of Finland Ltd
for the TREASOURCE EU-project. The thesis work particularly focuses on the circular
economy research of the bio-based side and waste streams in dedication to project work
packages 1 and 5. The aim is to create an overview of the operational environment re-
lating to the bio-based side and waste value chain to identify challenges and opportuni-

ties in the transition to circular bioeconomy.

TREASoURCE

TREASOURCE is a four-year project (2022-2026) receiving funding from the European
Union under the Horizon Europe research and innovation programme. TREASoURCE
aims to initiate systemic change by developing systemic circular economy solutions in
cities and regions for currently underutilized or unused plastic waste, end-of-life electric
vehicle batteries and bio-based waste and side streams. Implementing these solutions
together with companies, societies (including citizens, consumers, communities, and re-
gional actors) and experts in the field is expected to significantly increase product and
material circulation in the Nordic and Baltic Sea Regions. TREASoURCE is coordinated
by VTT Technical Research Centre of Finland Ltd and the whole project consortium con-

sists of 17 partners from 7 European countries.
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1. INTRODUCTION

The current linear economic system has thrived over history but failed to preserve nature.
As there is no planet B, there is no future for this conventional economy to succeed
anymore. A future with sustainability is vital to prevent civilization collapse. The path to
a sustainable future is unpredicted but invented with circular bioeconomy as a pivotal
change. (World Economic Forum, 2020)

The linear economy of raw materials extraction, production, and waste disposal or ‘cra-
dle-to-grave’ model is unnecessary wasteful use of natural resources. In resonance with
the world’s population growth, economic development and urbanization, the linear econ-
omy is driving the extensive consumption and unsustainable production that leads to the
planet crisis of biodiversity loss, environmental pollution, climate change and conse-

quently threatens human existence. (United Nations, 2022)

In 2022, Earth Overshoot Day, which denotes the date when all the regenerative biolog-
ical capacity of the Earth during the entire year is used up, was on July 28th (Earth Over-
shoot Day, 2022). The overconsumption of Earth's biocapacity is 5 months ahead of the
planet boundary and must be stopped by reducing raw material extraction, efficiently
circulating resources, and limiting waste disposal. To deal with the linear economy chal-
lenges, circular economy, a ‘cradle-to-cradle’ model, which circulates materials in the
closed loop and decouples economic growth from the consumption of finite resources,

has been adopted (Ellen MacArthur Foundation, n.d.).

Bio-based side and waste streams are key material streams for circular economy. In
Europe, 118 to 138 million tons of biowaste derive annually, of which only approximately
40% is effectively recovered into high-quality compost and digestate (European Compost
Network, n.d.). Biowaste represents the single largest component of 34% of total munic-
ipal waste generation in Europe (United Nations, 2022). That is not to mention the con-
siderable amount of bio-based side streams generated from agricultural and industrial
activities and the unreported or uncollected bio-base side and waste streams. As a major
source of waste and by-product generations while possessing high potentials of nutrient
and energy recovery, bio-based side and waste streams valorization and utilization play
a crucial role in establishing the circular bioeconomy within the big picture of the circular

economy.

In many cases, the use of fossil energy is dominating in the production of synthetic ferti-

lizers and energy usage. Bio-based side and waste streams recovery potentials of



bioenergy and organic fertilizers can then back the transition from unsustainable fossil
to a sustainable bio-based economy (Vaneeckhaute et al., 2013). Furthermore, whereas
costs for energy and fertilizers are increasing, bio-based side and waste streams recov-
ery can bring real potential economic benefits. In addition to that, utilizing biogas and
biomethane, locally produced from bio-based waste streams as an alternative to im-
ported fossil products, can generate jobs and foster gross domestic product growth (In-
terreg Europe, 2021). Indeed, in Europe, biogas production industries are accountable
for more than 210,000 sustainable jobs nowadays with the expectation to create around
420,000 jobs by 2030 and over one million jobs by 2050 (Interreg Europe, 2021). Hence,
the global challenges of significant bio-based side and waste streams generation can

turn into new opportunities of the circular bioeconomy.

Circular bioeconomy can simultaneously tackle the environmental crisis, nutrient deple-
tion, and energy shortage. Despite the environmental and potential economic benefits,
the transformation from the prevailing linear economy to the visionary circular bioecon-
omy is challenging because of the complexity and interdisciplinary operating environ-
ment involving multidisciplinary stakeholders. Therefore, the understanding of the circu-
lar bioeconomy operational environment needs to be broadened to overcome the chal-
lenges and take advantage to initiate the paradigm shift to the circular bioeconomy. The
operational environment is the environment where circular bioeconomy practices func-
tion within. This environment can be affected by the single or interlinkage of technical,
economic, social, and legislative factors which are dependent on geographics and local

conditions.

In dedication to fill the research gaps and foster the transition to circular bioeconomy,
this thesis aims to create an overview of the operating environment of circular bioecon-
omy for biogas and nutrients at the European level in general and Finland national level
in specific. Other purpose is to identify challenges, opportunities and lessons learned for
future development and the transition to circular bioeconomy. To reach these aims, this

thesis work deals with 4 main research questions:

¢ What are the state-of-the-art valorization and digitalization technologies for circu-

lar bioeconomy operation?

e How do the policies and legislations affect circular bioeconomy operation in the
EU?

e What are the challenges and opportunities in circular bioeconomy operations?

e How do the circular bioeconomy models operate and interlink in systemic view?



The operational environment research is conducted through literature reviews of tech-
nologies and legislations in addition to stakeholder interviews for practical circular bioe-
conomy implementation. The thesis is structured with the starting background research
on the circular bioeconomy concepts. It then proceeded with the literature review on the
state-of-the-art valorization technologies of bio-based side and waste stream for biogas
and circular nutrients, and the innovative data and digitalization innovations in circular
value chain operation. Next, the policy and legislation are reviewed to provide knowledge
on the current European and Finnish legislations relating to circular bioeconomy devel-
opment. After the technological and literature reviews, the methodology explains the pro-
cess of stakeholder interview to assess the circular bioeconomy operational environment
and presents the case studies’ description of the 3 circular bioeconomy models: self-
sustaining circularity, urban-rural symbiosis, and industrial ecosystem. In the following
results and discussion section, 3 dedicated case studies of the corresponding circular
bioeconomy models are analyzed through stakeholder interview inputs to explore the
challenges and opportunities in circular bioeconomy practical implementation at different
operational models. In addition, the interlinkage of the circular operations and stake-
holder engagement in circular bioeconomy systemic view is discussed. Finally, future
research and development recommendations to initiate circular bioeconomy transition

are concluded.



2. CIRCULAR BIOECONOMY

This chapter consists of defining the circular bioeconomy concept and strategy, catego-
rizing bio-based side and waste streams, and discussing its collection practices.

2.1 Concept

Circular bioeconomy (CBE) is approached as the intersection of the circular economy
and bioeconomy. Circular economy is a model that is restorative and regenerative by
design to save raw material usage by efficiently valorizing materials at their end-use and
circulating them within the closed production loop for as long as possible (Ellen MacAr-
thur Foundation, n.d.). On the other perspective, bioeconomy stands for a sustainable
economy whereas renewable biological resources, as an alternative to non-renewable
fossil, are utilized to produce food, materials, and energy (Feleke et al., 2021). The main
difference between these two concepts is the material flow where circular economy pro-
motes cascading use of secondary materials, only 10-15% of these BSWS can become

the input for bioeconomy (Gatto & Re, 2021).

Circular economy and bioeconomy are widely adopted to deal with sustainability chal-
lenges, however, they both have some debatable limitations. Criticism of the circular
economy emphasizes on the rebound effects of the circulation process that not every
stream can be recovered sustainably and may result in worse environment impact. As
for the bioeconomy, bioproduction may intensify the biomass harvest which conflicts with
saving virgin materials. Therefore, the circular bioeconomy concept emerges to address
circular economy principles in conjunction with the sustainable valorization and utilization

of bio-based side and waste streams (D’Amato et al., 2020).

Considering the strategy for circular economy, 9R framework introduced by Potting et al.
(2017) cover the circular economy stage comprehensively ranging from the highest cir-
cularity of the upstream ‘smarter product use and manufacture’ (R0-R2), ‘extend life span
of product and its part’ (R3-R7) to the lowest circularity of the downstream ‘useful appli-

cation of materials’ (R8-R9) (figure 1).



Circular economy Strategies
Make product redundant by abandoning its function or by offering the same function
RO Refuse . . .
with a radically different product
R1 Rethink Make product use more intensive (e.g. through sharing products, or by putting multi-
functional products on the market)
R2 Reduce Increase efficiency in product manufacture or use by consuming fewer natural
resources and materials
Reuse by another consumer of discarded products which is still in good condition and
R3 Reuse o o .
fulfils its original function
. Repair and maintenance of defective product so it can be used with its original
R4 Repair .
function
Extend
lifespan of s
i Restore an old product and bring it up to date
product and 5 REfurbish
its parts R6 R
e-
- Use parts of discarded product in a new product with the same function
manufacture
R7 Repurpose Use discarded product or its parts in a new product with a different function
R8 Recycle Process materials to obtain the same (high grade) or lower (low grade) quality
Incineration of material with energy production

Smarter
product use
and
manufacture

Increasing circularity

Useful

application of
materials

Linear economy

Figure 1. 9R circular bioeconomy strategies (Adapted from Potting et al., 2017)

Taking into account circular bioeconomy strategies, the adapted 9R framework can be
reduced to the prevention of bio-based side and waste streams (BSWS) generation (RO-
Refuse, R1-Rethink, R2-Reduce), R3-Reuse and the BSWS valorization process (R8-
Recycle and R9-Recover) whose strategies are marked green in figure 1. Due to the
biodegradable characteristics of BSWS, it is hard to extend the product lifespan and re-
quires the need for material processing to recover the value. R3-Reuse is only adaptable
to food waste to be redistributed for people or animal feed. Although recycling and re-
covery are the least circularity practices in 9R framework, they are the main targets for
CBE development now. According to 9R framework, within CBE, R8-Recycling strategy
adapts to the nutrient and biogas valorized from BSWS which has higher added value
than R9-Recover strategy of incineration for energy recovery which is often last disposal
stages for treating the non-valuable leftovers. However, in CBE practices, the term ‘Re-
cover’ can be exchangeable to ‘Recycle’ such as nutrient recovery and biogas energy
recovery instead of recycling.

2.2 Bio-based side and waste streams

Bio-based side and waste streams are the liquid or solid organic, biodegradable by-prod-
uct or waste resulted from the production and consumption activities (Center for Inte-
grated Biowaste Research, n.d.). The Waste Framework Directive (2008/98/EC) defines
‘waste’ as ‘a substance or object which the holder discards or intends or is required to



discard’, and ‘by-product’ or side stream as ‘a substance or object, resulting from a pro-

duction process, the primary aim of which is not the production of that item’ (European

Commission, n.d.-e).

According to the classification of LUKE (Natural Resources Institute Finland), bio-based

side and waste streams are divided into 5 categories below (Biomass Atlas, n.d.):

5%

NET EXPORT

NET IMPORT

Forest: They are side streams resulting from the felling of commercial timber (log-

ging residues, stumps, etc.)

Field: They are the side streams from crop harvesting (stem, top or straw bio-
masses of seed, grain, tuber, bulb, root crops, etc.)

Garden plants: They are horticultural crops ruined by the weather or pests, and
plant parts other than those produced for food (tops, leaves, roots, etc.)

Waste: They are the biodegradable waste from industrial operation and municipal
waste generation (food waste, sewage sludge, waste from slaughter, animal fat,

paper, cardboard, etc.)

Manure: It is the mixture of faeces and urine excreted in animal husbandry
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Figure 2. Dry biomass source in EU in 2017 (European Commission, 2022)

Figure 2 illustrates the statistics of dry biomass sources generated in Europe in 2017.

Biomass secondary sources accounting for 0.2 billion tones represent the BSWS sup-

plied from industrial by-products such as forest-based industries and biowaste (Euro-

pean Commission, 2022). In addition, the collected crop residues account for 0.09 tones

(European Commission, 2022). When it comes to wet BSWS, approximately 1.4 billion



tons of manure was generated annually by animal farming during the period 2016-2019
(Kdninger et al., 2021).

BSWS valorization and utilization are the fundamental development of CBE. Some of
BSWS are rich in nutrient value such as agriculture streams (field, garden plants and
manure), which are potential for nutrient recovery and bioenergy production input, forest-
based and industrial waste which are promising feedstock for biofuel production (Euro-
pean Biomass Industry Association, n.d.). While others such as food waste and munici-
pal waste are considered as less valuable due to its mixed nature, the treatment of them
IS necessary to reduce environmental impact and brings added value for materials (Eu-
ropean Environment Agency, 2020). To realize the BSWS added values and back up the
commercialization of BSWS, separated collection and valorization technologies are the
key to bring secondary materials to the new cycle of CBE.

The sustainable treatment and valorization of BSWS demands it to be separated at
source from other residues. Separation is the prerequisite for BSWS recovery as it re-
duces the impurities and contaminations which improves the value capture for circular
BSWS products to be used as soil amendment, organic fertilizer, and biogas. (European

Environment Agency, 2020)

It is mandated in Waste Framework Directive 2018 that biowaste must either be sepa-
rated and recovered at source or separated at source and collected by 2023. The more
sustainable way of BSWS treatment is the first option which can be known as the self-
sustaining circularity practices. As an illustration of municipal biowaste, home compost-
ing or community composting are encouraged to reduce the need for collection, waste
management costs and its associated environment impact. The challenges for the sep-
aration and recovery at source lay in awareness for waste sorting and knowledge for
recovery practices to minimize the environmental impact such as odor and ensure pro-
cess and product quality. These practices are more familiar in the rural area compared
to the urban due to space flexibility and more demand for BSWS recovery product usage.

(European Environment Agency, 2020)

Separate collection practices have been introduced in several countries in Europe. In
2017, considering 28 European countries, on average about 43% of the municipal bio-
waste was collected separately and the remaining 57% was collected in mixed waste

(figure 3) (European Environment Agency, 2020).
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Source: ETC/WMGE compilation based on data provided by the European Environment Information and Observation Network (Eionet) through
an EEA and European Topic Centre on Waste and Materials in a Green Economy (ETC/WMGE) survey (ETC/WMGE, 2019a), complemented
with data from the European Reference Model on Municipal Waste (ETC/WMGE, 2019b) and Eurostat (2019).

Figure 3. EU biowaste collection in 2017 (European Environment Agency, 2020)

Besides BSWS separation awareness and knowledge from people, the challenges to
adopt separated collection widely are the initial investment cost for the changing collec-
tion and transportation system and new infrastructure required. However, the cost ben-
efits for BSWS separated collection and valorization can overweight the initial investment
in the long run together with the optimization of logistics and BSWS management prac-

tices. (European Environment Agency, 2020)



3.STATE-OF-THE-ART REVIEW

3.1 Valorization

The generalization of the current established and noticeable technologies to valorize
BSWS for biogas and circular nutrients are direct use (direct land application and direct
animal feed), biological conversion (composting, vermicomposting, Black Soldier Fly
Treatment, and anaerobic digestion) and thermo-chemical conversion (pyrolysis and
gasification) (figure 4).

. H

| Black 2 ;
DeiCHicil Al ech Composting i Sodier Fly Ay Pyrolysis Gasification :
appl\catﬂ lanimal feed compaosting Treaunant digestion H
srpsrssrzzzzasafhansnnsnnnnnnnnend

Compost

Larvae Residue Digestate Biogas Biochar Syngas Bio-oil

Nutrients for meat/fish| Fertilizer/Soil ‘ Cooking fuel/ heat/
Z Transportation fuel
production amendment | electricity

Figure 4. Overview of valorization technologies (Adapted from Lohri et al., 2017)

The valorization process is outlined from the perspective of BSWS input, conversion pro-
cess, products to end-use. In the following sub-sections, this flow of valorization process

will be reviewed for each technology.

3.1.1 Direct use
The direct use of BSWS is a traditional and simple way of treatment. Its operation is
mostly self-sustaining circularity practices including direct land application and direct an-

imal feed.
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3.1.1.1 Direct land application

Direct land application refers to the spreading of raw organic waste onto the land field. It
is specially applied for growing crops that demands large amount of organic nutrients or
improving arid field (Lohri et al., 2017). Input material for direct land application is typi-
cally animal manure accounting for more than 90% of land spreading in Europe and the
remaining 10% is food waste (Lohri et al., 2017). The characteristic for its material input
is pure organic waste since non-biodegradable matter or pollutant may deteriorate the
soil and crop. Considering the conversion process, the BSWS go through the natural
aerobic biodegradation where the soil microorganisms decompose the waste whose pro-
cess releases nutrients such as nitrogen, phosphorous, potassium and organic contents
into the soil (Jakobsen, 1994). The product and usage of direct land application is soil

amendment that improves soil characteristics and crop production (Huguier et al., 2014).

The challenge of direct land application is the untreated waste which may contain path-
ogens, heavy metals and pollutants that can result in bioaccumulation in plants and soil
and cause environmental pollution and health threat from food contamination (Smith et
al., 2015). Other than that, because of the uncontrol of nutrient content from the raw
BSWS, leaching nutrients into groundwater causing contamination, eutrophication of sur-
face water or the ammonia volatilization can happen when the BSWS contain rich nutri-
ents (Lohri et al., 2017).

3.1.1.2 Direct animal feed

Direct animal feed is straightforward feeding the selective BSWS to animals. The input
material is mainly food scraps which should contain reasonable amount of essential nu-
trients, carbohydrates, amino acids, fibers, and fats meanwhile limiting pollutants that
endanger the animals or human when consuming the animal products (Lohri et al.,
2017). For example, vegetable and fruit wastes are the suitable feed to animal hus-
bandry. The conversion process utilizes livestock animal to operate as bio-processor for
transforming BSWS to animal feedstock that improves husbandry yield (Dou et al., 2018)
The product of this valorization is livestock production such as meat, milk, eggs, or leath-

ers.

Besides the benefits of sustainable waste management and food security, the biggest
challenge is ensuring the waste quality and waste selection to feed animal. Feed selec-
tion is based on the digestive system of the animal whereas only animals with complex
digestive system such as ruminants can consume cellulose materials (straws and grass),

while others like pig cannot digest it. Potential quality risk is animal infection to disease
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from the food waste, especially food in contact with meat can cause salmonellosis.
(Lardinois & van de Klundert, 1993)

3.1.2 Biological conversion

Biological treatment is considered as the conversion of materials by living organisms. It
includes composting, vermicomposting, Black Soldier Fly Treatment, and anaerobic di-
gestion. Because the microorganism requires moisture environment to grow, the biolog-
ical conversions are mainly applied to high moisture feedstock. It is originally a natural
biological process and has been developed into several conversion technologies with
pre-setting environment and conditions to speed the process, control the operation and
desirable products. It requires notable less external energy input than other thermal and
physical and chemical processes. (Lohri et al., 2017)

3.1.2.1 Composting

Composting is an aerobic process in which microorganisms through its complex meta-
bolic processes decompose the organic material in the present of oxygen (Sayara et al.,
2020).

The input materials for composting are varied within the condition of high moisture nature
for microbial growth environment (Lohri et al., 2017). Food waste, garden waste, agricul-
tural waste and manure are ideal substrates whereas mixed BSWS such as municipal

waste are not encouraged due to resulting in low quality products (Epstein, 2017).

The composting process undergoes 3 main stages which are (1) mesophilic stage, (2)
thermophilic stage, and (3) cooling and maturation phase. In the first state, the microor-
ganism breaks down the easily degradable organic content. These microbial activities
generate heat and increase the temperature passing through the mesophilic range (25-
45 °C) to enter the thermophilic stage (45-65 °C). However, over 65 °C can kill the needed
microorganism for decomposition, hence, the temperature and aeration in addition to
other predominant parameters such as moisture, pH, and organic composition (carbon-
nitrogen ratio) need to be controlled to keep the environmental in the optimum range
(Lohri et al., 2017). In the second stage, the high temperatures help eliminate the path-
ogen and ensure improve the hygiene of the compost material. As the degradation of
organic matters become exhausted, the supply of heat from microbial activities de-
creases and the cooling and maturation phase is reached. In maturation phase, the or-
ganic decomposition still occurs naturally with low microbial activities and the process

ends when the inner temperature reaches the ambient temperature. (Sayara et al., 2020)
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The main output of composting is compost, a stable, nutritious, and contaminant-free
soil-like texture. Compost is rich nitrogen, phosphorous, potassium and beneficial min-
erals and microorganisms which can be utilized as soil amendment and organic fertilizer
for plant growth (Polprasert, 2007).

Among the biological technologies, composting has been a long traditional and devel-
oped method of organic matter treatment. Composting can be conducted on various
scales from small household composting bin to large industrial level composting reactor.
Composting has advantages of simple, low operating cost and robust technology. How-
ever, the challenges of this method are to segregate pure organic input for good quality
compost result, the lack of control in microbial biological process causing nuisance such
as odor and vermin (Lohri et al., 2017). Furthermore, the long processing time of several
months to fully go through 3 composting stages can be a drawback (Epstein, 2017).

3.1.2.2 Vermicomposting
Vermicomposting is defined as the biological decomposition process in which earth-
worms and microorganisms convert organic matter into humus-like material which is

called vermin-compost (Muralikrishna & Manickam, 2017).

The input materials for vermicomposting can be household wastes, municipal organic
waste, and organic residues from industries (paper, wood, and food). Noticeably, some
food wastes such as dairy products, grease and oils, meat and fish, salty and vinegary

foods cannot be digested by earthworms (Lohri et al., 2017).

The conversion process of vermicomposting involves microorganism and earthworm in-
teraction that at the first phase, microorganisms in the BSWS decompose the organic
matters at the aerobic degradation process to prepare the feed on the earthworm (Lohri
et al., 2017). Therefore, composting can be considered as the pre-treatment step of ver-
micomposting. Earthworms then act as the main drivers in the decomposition of organic
materials by fragmenting and conditioning the feed substrate so that the microorganisms
in the worm digestive system can continue to decompose the organic material into finer
particles and nourish the worm (Alshehrei & Ameen, 2021). In that process, the worms
in turn produce microbial fecal material that promotes microbial activity and is beneficial
for quicker organic degradation (Singh et al. 2011). The most used earthworm specie for
vermicomposting is Eisenia Fetida thank to its high adaptability with different BSWS and
converting capacity, the whole complete Eisenia Fetida lifecycle in vermicomposting
takes approximately 70 days (Lohri et al., 2017). The ideal temperature condition for

earthworm activities is mesophilic in the range of 10-35 °C and other factors to be
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controlled during vermicomposting process are stocking density (earthworm population
density), feeding rate of BSWS, moisture, carbon to nitrogen ratio and pH (Lohri et al.,
2017).

The output of the process is vermicompost which is a brownish black material with high
porosity, aeration, rich in micronutrients, and soil beneficial microbes. It is a sustainable
alternative to synthesis fertilizer and soil enrichment (Bin Dohaish, 2020). Other product
is the nourished earthworm, which are rich in protein and considered as good pro-biotic
feed to fish and animals (Lohri et al., 2017).

Vermicomposting has advantages over the composting such as shortened processing
time, more nutritious, physical and biochemical efficient compost (Alshehrei & Ameen,
2021). It is low cost and simple technology which can be widely adapted in various
scales. Nevertheless, the challenges of vermicomposting include large space require-
ment, low quality feedstock for earthworms, and skilled labor needed with the under-
standing of worm life cycle and biological process. Moreover, as pre-treatment of com-
posting is already required, the second treatment of vermicomposting can be considered

as more effort. (Lohri et al., 2017)

3.1.2.3 Black Soldier Fly Treatment
Black Soldier Fly Treatment (BSFT) is an emerging technology in BSWS treatment that

transforms organic material into insect biomass of protein and oil (Kim et al., 2021).

The input materials for BSFT are diverse. Livestock manure, food waste, vegetable
waste, compost, and municipal organic waste can be suitable feedstock (Cai et al.,
2018). The moisture level in feedstock is an important factor that larvae develop better
under moist environment. Ideally, wet and dry matter can be mixed to generate better
larva feed (Lohri et al., 2017).

Considering the conversion process, the black soldier fly, Hermetia lllucens larve has the
appetite for decaying organic matter which is taken advantage of to feed organic matter
for incorporating nutrients into growing the insect biomass of extra protein and fat (Cai
et al., 2018). The total larval development lasts for about 20-35 days (Zhou et al., 2013).
The optimum temperature and moisture level during the process are 26—27 °C and 60—
70% respectively (Kim et al., 2021). Further, larval density needs to be controlled to pre-
vent competition that adversely decreases larval survival rate. The effective ratio of the

number of larvae to grams of feedstock is 2:1 (Kim et al., 2021).

The output of the BSFT is the larval biomass as the main product and residues. The high
protein and fatty acid content of larvae make them a great nutrient source for animal and

fish feedstocks (Kim et al., 2021). In addition, the larvae can be extracted for oil for further
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biodiesel production. The quality of lipids contained in larva is comparable to the con-
ventional biodiesel (Kim et al., 2021). The residues from BSFT still retain nutrients and

can be applied as soil amendment (Lohri et al., 2017).

BSFT is a novel technology with high potential for industrial application and economic
success. Its advantages include short processing time, high nutrient conversion rate, and
economic-attractive products. However, the challenges remain in the large space re-
quired and the highly skilled labor needed to control the insect behavior and ensure the
larval survival rate due to the insect colony. In addition, because the larvae are utilized
as animal feed, the hygiene factor needs to be concerned, which can be solved by elim-
inating contaminant feedstock in the first place. (Lohri et al., 2017)

3.1.2.4 Anaerobic digestion

Anaerobic digestion (AD) is the biological decomposition of both liquid and solid organic
matter by microorganisms in the absence of oxygen to produce biogas (Molino et al.,
2013).

The input organic materials for AD process are varied ranging from agricultural, munici-
pal to industrial BSWS as a single substrate or in co-digestion with high methane con-
version potential substrates such as animal manure to improve the product yield (Roca-
mora et al., 2020). Lignin-based BSWS like forest residues are not suitable substrates

because its nature cannot be decomposed by microbial activities (Lohri et al., 2017).

The AD conversion process involves a series of microbial activities: hydrolysis, acido-
genesis, acetogenesis, and methanogenesis. In the first hydrolysis stage, the bacteria
convert the insoluble complex organic matter (lipid, protein, carbohydrate) into simpler
soluble compounds such as amino acids, sugars, and long chain fatty acids. In the aci-
dogenesis stage, these compounds are continuously broken down by acid forming bac-
teria into volatile fatty acids (VFAs) with ammonia, carbon dioxide, and hydro sulfide as
by-products. It is followed by the acetogenesis stage where VFAs are further decom-
posed by acetogenic bacteria into acetic acid, carbon dioxide, and hydrogen. In the last
stage, the methanogenic bacteria degrade acetic acid into methane and carbon oxide.
In addition, methane can also be produced by the reduction of hydrogen with carbon
dioxide. (Molino et al., 2013)

The output of AD process is the biogas containing methane (55-60%), carbon dioxide
(35-40%), and other impure gases such hydro sulfide, hydrogen, and nitrogen. The typ-
ical processing time is 30 days. This biogas can be burned directly for heat generation
or can be put into gas generator for electricity. Moreover, the biogas can be upgraded

by technologies such as membrane separation, physical and chemical scrubbing to
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purify biomethane (90-95% CH4) from impurities which can then be used as vehicle fuel
and supplied to the natural gas grid. Other product is the digestate which is rich in nitro-

gen and can be used for agricultural enrichment. (Lohri et al., 2017)

Anaerobic digestion is a robust and well-developed technology in various scales and
operating environment (wet and dry, mesophilic and thermophilic), reactor types (batch
and continuous) (Lohri et al., 2017). Nowadays, biogas plants often utilize mechanical-
biological technology which is the combination of mechanical sorting of heterogenous
waste as pre-treatment to separate biodegradable input for the biological process of an-
aerobic digestion to yield biogas (Garg, 2014).

The advantages of AD are its widely adaptative application for different scales and
BSWS type, a sustainable technology to convert BSWS into renewable energy and plant
nutrient. On the other hand, the challenges are the low energy yield of biogas which
could be solved by co-digestion to improve feedstock quality, VFAS generation causing
foaming, and over acidification which can inhibit microbiological activities. (Lohri et al.,
2017)

3.1.3 Thermo-chemical conversion
Thermo-chemical conversion is the process that uses heat to foster chemical reaction to
convert the materials into value-added products. The valorization processes for gases

and nutrients involve pyrolysis and gasification.

3.1.3.1 Pyrolysis
Pyrolysis is the thermal decomposition of organic materials under the absent oxygen
condition. The process uses heat to disintegrate the weak thermal stability of chemical

bonds and transform the material into new molecules. (Zaman et al., 2017)

The input materials for pyrolysis are BSWS that meet the requirements of dry, unmixed,
and homogenous substances. Wood waste, paper and carboard, lignocellulosic biomass
from garden waste, agricultural waste are suitable inputs (Lohri et al., 2017). High mois-
ture stream can also be applied with pre-treatment of drying to a suitable range 10-15%.
Pre-treatment also includes the grinding of material into smaller sizes and delignification

for more efficient pyrolysis conversion. (Isahak et al., 2012)

Pyrolysis conversion undergoes complex thermal decomposition to break down large
complex hydrocarbon molecules of biomass into smaller and simpler molecules of gas,
liquid, and char (Basu, 2013a). Pyrolysis conversion is divided into fast pyrolysis and
slow pyrolysis processes. In a fast pyrolysis process, the input is quickly heated to high

temperatures between 650-1000°C in seconds. The fast pyrolysis results in the main
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product of bio-oil and a lower yield of biochar and gas. On the other hand, slow pyrolysis
operates in longer residence times (range from minutes to days), lower temperatures
(300-500°C) to convert biomass into the main product of biochar, gas, and lower bio-oll
yield. (Zaman et al., 2017)

The outputs of the pyrolysis conversion are solid (biochar), liquid (bio-oil, tar, and water),
and a mixture of non-condensable gases (H2, CO, CO2...) (Basu, 2013a). Biochar can
be applied for soil amendment, burning fuel, adsorption media, and carbon sequestration
(Krueger et al., 2020). Bio-oil can be used as combustion fuel in boilers, and engines or
upgraded to biodiesel for transportation fuel (Kan et al., 2016). The gases can be utilized
directly for heat generation and gas power generators for electricity or to produce indi-
vidual gas components (Kan et al., 2016).

Considering the advantages, in comparison to other biological or physical treatment
methods, the high temperature operation in pyrolysis provides highly hygienic products,
and the rapid retention time of the pyrolysis process requires smaller space and size of
the reactor (Krueger et al., 2020). In addition, the storage, transport, and usage of the
pyrolysis products are also simplified by its reduced volume and biochemical stability
(Krueger et al., 2020). When it comes to the challenges, the process is energy intensive
due to high temperature operation. There is a need for flue gas treatment for carbon
monoxide and particulate matter. The potential formation of organic contaminants such
as polycyclic aromatic hydrocarbons (PAHSs) in biochar also needs to be considered.
Other barrier is the undesirable properties of bio-oil which induce costly and complex

upgrading efforts. (Lohri et al., 2017)

3.1.3.2 Gasification

Gasification is the partial thermal decomposition process under oxygen-deficient condi-
tions to convert carbonaceous feedstocks into gas that can be burned for fuel usage or
further chemical production. The main difference between incineration and gasification
is that incineration oxidizes the carbon and hydrogen completely into carbon flue gas
and water to release heat by breaking the chemical bond while gasification packs energy
into the chemical bonds in the gas by stripping away carbon from feedstock into fuel
syngas. (Basu, 2013b)

The input materials for gasification are dry BSWS with a moisture content of 10-20% or
pre-treatment is needed to dry the input (Ahmad et al., 2016). The most prevailing ma-
terial for gasification is wood or wood pellets resulted from densification to improve the
energy value. Other suitable BSWS are peat, agriculture residues and black liquor (by-

product of the paper industry) (Kirkels & Verbong, 2011).
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The gasification process involves the complex thermal and chemical breakdown of or-
ganic matter into gases under a deficient oxidizing environment (limited air, oxygen, or
steam) and temperature between 700-1000 °C (Fodor & Klemes, 2012). In typical gasi-
fication, drying is the first treatment and it is followed by thermal degradation or pyrolysis
that breaks down large hydrocarbon material into gas, solid, and liquid. These com-
pounds continuously react among themselves and the partial oxygen during several ox-

idation and reduction reactions to generate the final syngas. (Basu, 2013b)

The output of gasification is the syngas containing incomplete oxidized products. The
gas mixture contains carbon monoxide, hydrogen, methane, carbon dioxide, light hydro-
carbons such as ethane and propane or heavy carbons such as tars (Arena, 2012). Other
by-products which can be formed are hydrogen sulphide, nitrogen, and hydrogen chlo-
ride (Molino et al., 2016). Syngas can be used in burners, boilers, steam turbines, or gas
turbines to generate heat and electricity (Arena, 2012). It is also a key substance in the
chemical industry to produce the synthesis of chemicals and fuels (Ahmad et al, 2016).

The benefit of the gasification process is that it requires less pollutant control. Even
though the gasification process demands high energy usage, the large-scale gasifier
nowadays can self-sustain by returning produced heat into the process which improves
overall process energy efficiency (Song & Hall, 2020). The products are valuable to re-
newable energy and sustainable chemical production. The disadvantage of gasification
is that it is a complex technology and highly controlled process. The development chal-
lenges are to deal with heterogenous feedstock, maximize syngas vyield, and separate

gas impurities and tar generation. (Lohri et al., 2017; Watson et al., 2018)

3.1.4 Summary

There are several technologies that have been developed to valorize BSWS back into
the material value loop. The selection of technologies depends on the characteristics,
quantity and quality of feedstocks, the specific operating conditions, processing scale

and desired outputs.

In general, direct uses are the simplest way of treatments. Manure is the main input for
direct land application as more than 90% of manure is directly reapplied to soils as or-
ganic fertilizer (Koninger et al., 2021). However, there are several risks of hygienization
and contamination coming together with the untreated manure for direct land application
and food waste for direct animal feed. Therefore, the quality of feedstocks needs to be

concerned critically for these methods.
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Biological methods are the popular treatments due to their almost natural processes that
requires less energy. Composting and anaerobic digestion are the most popular treat-
ments that are traditional and well-developed in various scale. Considering the sepa-
rately collected municipal and industrial bio-wastes, around 71 million tons were valor-
ized through composting and anaerobic digestion annually in Europe. Out of that, com-
posting represents 59% treatment capacity and anaerobic digestion accounts for 41%.
(European Compost Network, 2022)

Black Soldier fly Treatment is the more emerging biological treatment which has high
potential for industrial application and economic success due to its high nutrient value
product of larval biomass. When it comes to challenges, biological methods often take
long processing time and face difficulty in microbial process control to ensure the yield
and product quality.

Thermal treatment methods such as pyrolysis and gasification have faster processing
time, more hygienization impact due to high temperature operation, however, it requires
more energy consumption in comparison to the biological treatment. Moreover, its ther-
mal-chemical processes may result in additional flue gas treatment which adds up to the

production cost.

Overall, the main challenges of the technologies are to ensure product quality, to up-
grade and remove unwanted substances products from the output to reach the desired
usage level. This challenge can be traced back to the upstream process challenge of

ensuring feedstock quality and pre-treatment.

The summary of the technological review including input, output, conversion process,

pros and cons for circular BSWS for biogas and nutrients are presented in table 1.
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3.2 Data and digitalization

Data and digitalization are the driving forces behind the “fourth industrial revolution” (Col-
lacott, n.d.). Within the digital transformation, digitization enables the conversion and
exchange of data in digital format over the interconnected network while digitalization
enables the utilization of digitized data and digital technologies to augment process con-
trol and performance (Wynn & Jones, 2022). Digital technologies and services are con-
stantly evolving and being adopted to gain more agility and insights for the decision-
making process and improve the efficiency of supply chain, manufacturing process and

automation in operational management. (Collacott, n.d.).

The two megatrends of digitalization and circular economy are correlated. While the
world is shifting from linear to circular economy practices, data unavailability and lack of
integration are the issues that hinder the ecosystem levels of transformation (Chauhan
et al., 2022). Digitalization can help bridge the transition gaps by the effective utilization
of data and digital technologies (Chauhan et al., 2022). According to a study from
Deloitte, digitalization can spark the transition toward circularity through 7 recipes: 1.
Understand, 2. Focus, 3. Rethink operation, 4. Connect, 5. Create and sell an experi-

ence, 6. Communicate and empower, 7. Learn and adapt (figure 5).
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Figure 5. Digitalization recipe for circular economy (Deloitte, n.d.)



21

The continuing sections introduce some digital applications and the emerging technolo-

gies: artificial intelligence and blockchain in circular bioeconomy transition.

3.2.1 Digital platform

Under the recipe 5 (create and sell an experience) of the digitalization recipe for CE
transformation from Deloitte, eCommerce platform is a digital marketplace to buy, sell or
exchange materials with the aim to retain value, upcycle product and reduce waste gen-
eration. As an example of digital platform to support circular bioeconomy practices, “Ma-
teriaalitori.fi”’, managed by the Finnish Ministry of Environment and Motiva, is an eCom-
merce platform for trading broader waste and side streams in general. In addition to that,
users of Materiaalitori.fi can also search and offer related waste management services
of logistics and experts (Materiaalitori, n.d.). This digital market promotes the utilization
of secondary materials and help create a resource map of material flow and its supply
and demand (recipe 1 — understand) for further circular bioeconomy strategic develop-
ment. As illustration, under Materiaalitori.fi, there are data visualizations (recipe 7 - learn
and adapt) to map out the supply and demand and geological statistics about material
flow. This information and understanding of material flow are very crucial for building plan
for new biorefinery facilities, reducing logistic and supply constraints, and making the

best out of secondary materials.

Under the recipe 3 (rethink operation) and receipt 1 (understand), smart waste manage-
ment are the digital optimization in the use of resources in waste collection and transpor-
tation efforts. For example, “ConnectedBin” is a start-up company that develops and
supplies IoT platform for waste management. Their initiative utilizes the sensor device
attached to the waste container to send real-time information of waste monitoring to the
loT platform (ConnectedBin, n.d.). Through the IoT platform, waste collectors can access
all data (waste segregation and its quantity, location, waste filling level, waste collection
time, and frequency) to determine optimum waste collection and transportation route
schemes. Moreover, through waste monitoring, further data analytics can be conducted
to determine waste container distribution plans to optimize container value and waste
process. Smart waste management also supports the introduction of PAYT (Pay-As-
You-Throw) strategy for better waste monitoring to charge people accordingly (SENSO-

NEO, n.d.). Consequently, it incentivizes people to produce less waste.

3.2.2 Artificial intelligence
Artificial intelligence is defined as the machine ability to perform the work that normally

demands human intelligence. Al function depends on the large dataset, algorithm, and
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advanced data analytics to recognize the patterns and trends that can be turned into
automated actions. (Hedberg & Sipka, 2020)

Under the recipe 2 (focus), Al can be deployed to find the hotspots of circular economy
potential to improve circular design, revise circular business model and optimize circular
operation. Considering circular bioeconomy, Ellen MacArthur Foundation and Google
study has proved that Al deployment can help avoid food and agriculture waste and
valorize the unavoidable food waste and by-products in the vision of circular agriculture
and food system (Ellen MacArthur Foundation & Google, n.d.).

Precision farming with the backup of Al technology to visually analyze the drone or sat-
ellite images of the crop field can help farmers remotely monitor their production in real-
time, track the crop growth, detect crop defects, disease, and anomalies to make the
optimum decision to enhance crop yield and limiting agriculture waste (Ellen MacArthur
Foundation & Google, n.d.). “Atfarm” is a digital platform for precision farming which has
been developed by Yara company. It combines the Al analytics and satellite image for
remote crop monitoring. Besides precision farming, Yara develops its own N-sensor de-
vices and technologies that can measure nitrogen content of the crop on field and update
that information on the digital monitoring map. This practice supports precision fertiliza-
tion that helps provide the right amount of fertilizer needed for crop, enhance yield, pre-

vent overfertilization that can cause land pollution, reduce fertilizer waste. (Atfarm, n.d.)

Another Al application in avoiding industrial food processing is Al-based food processing
and sorting technologies from TOMRA company. TOMRA uses Al camera sensor-based
solution to evaluate the food, detect and measure food, sort food based on intended use,
and redirect food that is not qualified for consumer use but still has good quality to other

usage to prevent food waste. (Ellen MacArthur Foundation & Google, n.d.)

When it comes to valorization of the unavoidable waste, Al application can analyze and
improve the information about the composition of the BSWS. It is crucial to understand
the nutrient content and the presence of micropollutant to valorize BSWS in the right way
and provide it to the right market. “Underworlds” is the smart sewage monitoring platform
developed by Massachusetts Institute of Technology. It combines physical infrastructure
of biochemical monitoring and Al to illustrate and act on measurement insight about com-
position and pathogen level in sewage. It then facilitates the valorization of safe-quality
sewage for agriculture use and regenerative food production (Ellen MacArthur Founda-

tion & Google, n.d.)
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3.2.3 Blockchain

Blockchain is a decentralized distributed ledger for recording, sharing data and making
transaction secure. Information is uploaded and stored in single blocks that together form
a blockchain. The sharing of data block through the blockchain are only made available
to those with access. (Hedberg & Sipka, 2020)

Under the digitalization recipe 3 (rethink operations), blockchain shows great potential in
improving transparency for value chain operations by connecting data across the value
chain (recipe 4 — connect) and empowering the communication between stakeholders
across the value chain (recipe 6 — communicate and empower). These practices can
help tackle the circular economy transition barrier of lacking integration and data availa-
bility.

As a good practice, “Circularise” is a blockchain-based supply chain traceability platform.
Besides being a platform for gathering material flow across the value chain, they are
partnering with ISCC (International Sustainability and Carbon Certification) to develop
the blockchain application in a mass balance scheme for sustainability credit verification.

s 'CIRCULARISE

MATERIAL PRODUCERS/ MATERIAL PROCESSORS END PRODUCTS & BRANDS
PROVIDERS & TRADERS

« Bio-based /
~ circular feedstock

— Fossil feedstock p

Figure 6. ISCC mass balance scheme (Circularise, 2022)

Mass balance scheme is the initiative to measure sustainability performance based on
the mass balance of the material flow across the value (figure 6). It is hard to determine
the sustainable content of a single product as bio-based and circular feedstock and fossil
feedstock are mixed and transformed during production. However, with the mass bal-
ance between input and output, the sustainable content of the overall production can be
estimated by assessing the total mass of sustainable feedstock over the total mass of
products produced. The mass balance and sustainability content are calculated at every
individual site across the value chain to reassure the overall sustainability assessment.
For this practice, all data is uploaded to Circularise block-chain platform for bookkeeping
so that ISCC can verify the circular BSWS feedstock content, sustainable performance

and give sustainability certification to businesses conveniently through digital procedure.
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Blockchain application helps improve the transparency of sustainability accounting, re-
porting and crediting process that in the end enables businesses to become more sus-

tainable and foster the use of BSWS and circular solutions. (Circularise, 2022)

Other blockchain application supporting circular economy is digital product passport.
Company “Minespider” is developing the blockchain-secured digital identification of prod-
uct. People can access the digital passport through scanning the QR code that directs
to a website or mobile application. Under the digital passport, key material composition,
sustainable content, its environmental footprints, compliance certificate, recycling infor-
mation are traced across the value chain. This practice enhances transparency to sup-
port circular material use and communication of recycling or possible reserve logistics
between the producer and user that further supports sustainable production and con-

sumption. (Minespider, n.d.)

3.2.4 Summary

The summary of the data and digitalization review is presented in table 2.

Table 2. Data and digitalization summary

Application Opportunities Challenges

Connect sellers and buyers,
promote the BSWS utilization

and income generation, help

eCommerce )
create a resource map of ma- Data protection
terial flow and its supply and and privacy
Digital plat-
demand Digital infrastruc-
form
Support waste monitoring, ture
data analytics to optimize Digital adaption
Smart waste
waste management prac-
management _ _
tices, contribute to Pay-As-
You-Throw scheme
Monitor plant production in
Precision real-time, track the crop Data quality and
Al growth, detect crop defect, .
farming accessibility

disease, and anomalies to

make optimum decision to
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enhance crop yield and limit-

ing agriculture waste

Food pro-
cessing and
sorting

Evaluate food quality, sort
food based on intended use,
and redirect food that is not
gualify consumer use but still
has good quality to other us-

age to prevent food waste

Smart sewage

Act on measurement insight
about composition and patho-

gen level in sewage and facil-

Standardize data
as desired input

for Al processing

Highly skilled ca-
pability to develop
and adopt Al

monitoring _ o
itate the valorization of safe
quality sewage
Improve material traceability,
Supply chain find the hotspot for circular
- Ensure reliable
management development, sustainability

accounting and crediting

Blockchain

Digital product
passport

Improve the transparency on
product, circular material us-
age and recycling infor-
mation, support sustainable

consumption

data input

Lack of regula-
tions and stand-
ards for develop-

ment

Data and digitalization applications have the potentials to leverage circular bioeconomy

through process optimization, sharing of information, connecting data, devices, and

stakeholders in isolated parts of the value chain to implement the circular design and

solutions. Digital platforms can help build an understanding of BSWS flow and customer

value along the value chain to develop the circular strategy for CBE deployment. Despite

advantages, digital transformation in circular bioeconomy transition is adopting slowly as

it faces many challenges in terms of data protection and privacy, building digital infra-

structure, social resistance to the new digital technologies, capacity building for digital

adaptation and economically viable issues. As an illustration, selling, donating, or ex-

changing secondary products in eCommerce platform can be unattractive to businesses
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and individual sellers if they are charged with value added tax and service fee. (Hedberg
& Sipka, 2020)

Al with advance monitoring, evaluation and decision-making can enhance process opti-
mization through automation, determining hotspots of circular potentials and early detec-
tion of failure to avoid the generation of BSWS and valorize the unavoidable BSWS. The
challenges associated with Al development are the flow and quality of data. Al is built on
data; however, data are not always available due to restrictions on General Data Pro-
duction Regulation (GDPR) on data flow. In addition, data are not always standardized
as a digital input for Al use, low input data quality can lead to poor Al performance.
Another challenge is the requirement of high expertise to develop and adopt Al technol-
ogies. (Hedberg & Sipka, 2020)

Blockchain can accelerate circular bioeconomy when applied to BSWS value chain man-
agement, bio-based content crediting, and improving transparency of product origin that
can further support eco-design and labeling of bio-based materials and products. On the
other hand, the challenge for blockchain applications can be their energy-consuming
operation. Recently, blockchain is evolving and the current revolution can operate with
less energy and the follow-up environmental impact. Other challenge is to ensure data
reliability as blockchain is typically dependent on human input to intake data and cannot
assess its quality of it. Therefore, the information uploaded must be accurate through the
whole blockchain. As a common understanding of blockchain is still lacking, there is a

lack of standards and rules for blockchain development. (Hedberg & Sipka, 2020)
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4. POLICY AND LEGISLATION REVIEW

This chapter reviews CBE related policy and legislation landscape at European and Finn-
ish levels to figure out how regulations can enable, promote, or inhibit CBE implementa-
tion. Before going into the review, the legislative terms are explained below.

e Regulation is a binding legislative act that must be applied entirely across the
Europe (European Union, n.d.).

o Directive is a legislative act that sets out the target that all EU countries must
achieve. On the other hand, it is up to the individual countries to set up their own

binding laws to reach that target (European Union, n.d.).

e Strategy is the political goal that outlines the future vision and resource needed
to reach the targets. It can be developed further into policies, actions, and initia-

tives (Elyea, 2022; European Commission, n.d.-d).

e Action plan is the set of programs, activities, allocation of resources and timeline
to reach the desired goals (Elyea, 2022).

e Roadmap is the strategic action plan which defines goal, desired outcomes and

includes action steps and milestones needed to achieve it (ProductPlan, n.d.).

4.1 European policy and legislation

The European Green Deal is the set of policy initiatives from the European Commission
with the goal of making European the first climate-neutral continent by 2050 (European
Commission, n.d.-a). The European Green Deal sets up the standards, regulations, strat-
egies for actions to achieve its goals in 9 crossing-cutting themes (energy, climate, en-
vironment and oceans, agriculture, transport, industry, research and innovation, finance
and regional development, new European Bauhaus. Among it, the environment and

ocean, energy and agriculture are the most related themes to CBE.

Under the environment and ocean theme, the circular economy action plan (CEAP)
adopted in 2020 determine legislative and non-legislative actions to promote circular
economy through the whole product life cycle from sustainable design, processes, con-
sumption, and resource recovery. Food and nutrients are among the focused value
chains for CEAP which directly promote CBE development. As an illustration, CEAP pro-

poses to set a target on food waste reduction, develop an integrated nutrient
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management plan to ensure a more sustainable application of nutrients, and stimulate

the markets for recovered nutrients (European Commission, 2020a).

Other indirect CBE promoter within CEAP is the proposal of Eco-design for Sustainable
Products Regulation (ESPR). ESPR proposal published in 2022 is developed based on
the existing Eco-design Directive (2009/125/EC) (European Commission, n.d.-b). The
new ESPR will allow for a wide range of circularity requirements rather than only energy
like the old one, such as sustainable content, resource efficiency, carbon and environ-
mental footprints and digital product passport (European Commission, n.d.-b). ESPR can
ultimately promote the utilization of BSWS and its valorized products for sustainable de-

sign, production, and consumption.

Under the same theme, Waste Framework Directive (WFD) (2018/851/EU) makes all
member states legally binding to separate biowaste at the source for collection by 31
December 2023 (Favoino et al., 2020). In addition, WFD requires at least 55 percent the
municipal waste must be recycled by 2025, with the increase to 60 percent by 2030 and
to 65 percent by 2035 (European Commission, n.d.-f). As biowaste is the main compo-
sition of municipal waste generation, these practices drive CBE transition by improving
biowaste separated collection for further utilization. Furthermore, WFD lays down the
End-of-waste criteria which defines when waste ceases to be waste and becomes the
product or secondary materials. According to Article 6 (1) and (2) of the WFD, certain
specified waste ceases to be waste when it has undergone a recovery operation and
complies with existing legislation and standards applicable to products (European Com-
mission, n.d.-f). The mandate to set End-of-waste criteria was introduced to foster mate-
rial circularity. Set of End-of-waste criteria for priority waste streams such as iron, steel,
and glass have been laid down while for BSWS are still lacking (European Commission,
n.d.-f; Urban Agenda for the EU, 2020).

Under the energy theme, Renewable Energy Directive (RED) (2018/2001/EU) sets up
binding renewable energy target of 32% by 2030 which was proposed in 2021 to 40%
(European Commission, n.d.-c). Biomethane plays important role in contributing to this
target by generating heat and electricity. Hence, the CBE of BSWS recovery to bio-
methane will be promoted. However, there is an inhibited factor about RED that biofuel
production from raw biomass and energy crops may be exploited to meet renewable
energy goals. In the meanwhile, CBE aims to reduce direct biomass use for energy and

to focus more on cascading of biomass (Stegmann et al., 2020).

Under the agriculture theme, the Farm to Fork Strategy builds up the sustainable food

system scheme. It targets to increase organic farming to 25% of total farmland by 2030,
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to reduce 50% of the use of chemical and hazardous pesticides by 2030, to reduce nu-
trient losses by at least 50% to ensure soil fertility by 2030, and reduce fertilizer use by
at least 20% (European Commission, 2020b). These practices support the nutrient re-

covery from BSWS as fertilizer and soil amendment to fulfill the targets.

Before European Green Deal, the earlier European Bioeconomy Strategy 2018 focused
on strengthening and scaling up the bio-based sector by launching a €100 million Circu-
lar Bioeconomy Thematic Investment Platform for research and development and to
bring bio-based innovations into the market. It spreads bioeconomy through strategic
deployment agenda for sustainable food, forestry and bio-based product, and bioecon-
omy innovation in local areas. It creates guidance to understand the ecological limitations
of the bioeconomy and operate bioeconomy within safe ecological boundary. (European
Commission, 2018)

In the version approved in July 2022 of Fertilizing Products Regulation (2019/1009/EC),
the market for bio-based fertilizer and the organic-mineral mixing fertilizer have been
opened to trade freely in European (Fertilizers Europe, 2022). In addition to that labeling
for wide range of bio-based fertilizers, rules on safety and quality are also provided. It is
a movement to legalize the market for BSWS recovery products, through that, business
activities can be improved and BSWS recovery practices can be fostered. However, this
new regulation is unharmonized with the existing animal by-product regulation in terms
of allowing manure recovery products on the market. Indeed, Animal By-products Reg-
ulation (1069/2009/EC) strictly regulates the manure derived product’s access to the
market while the Fertilizer Products Regulation opens the market for bio-based municipal

waste which contains an inevitable amount of manure (Urban Agenda for the EU, 2020).

The Animal By-product Regulation could inhibit the market placement of bio-based di-
gestate without considering the sanitizing effects of various processing methods. It does
not take into account the technology innovation to safely treated and recovered animal
by-products which can be the barrier to market and technology developments of strictly
regulated BSWS like manure. (Urban Agenda for the EU, 2020)

Despite the legislative driver effort, high taxation on personal income, labor cost, and
VAT on products are the economical inhibitor that makes circular products and services
cost more significant compared to traditional raw material production. This demotivates
the CBE market transformation from traditional linear production. (Pantzar & Suljada,
2020)

The possible solution for this issue is the Environmental Fiscal Reform (EFR) proposed

by European Environment Agency since 2010. It aims to make CBE practices
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economically attractive and enhance CBE development by reducing taxation on labor
and investment in the circularity field (income tax and corporation tax) and shifting the
tax to the production and consumption of unsustainable practices. Another target of EFR
is to remove subsidies for fossil fuels and use that revenue to support circular-based
materials and fuel (European Environment Agency, 2013). However, this EFR practice

is lacking in official binding for European and national legislations.

Furthermore, even though legislations support waste reduction, the critical sustainability
issue of the linear economy relating to the extraction and processing of raw materials

remains unaddressed in mandatory legal (Johansson, 2021).

4.2 Finnish policy and legislation

Considering the national level, Finnish roadmap to a circular economy 2016-2025 is the
world’s first national circular economy roadmap published in 2016. It points out initiatives
to grow circular economy in 5 areas (sustainable food system, forest-based loops, tech-
nical loops, transport and logistics, and common action) in which sustainable food sys-
tem and forest-based loop are dedicated to CBE development. In 2019, road map 2.0 is
upgraded as it brings the whole stakeholder value chain into action to develop the pre-

defined 5 circular economy growing areas. (Sitra, n.d.)

In addition to the roadmap, the Finnish Ministry of the Environment adopted the strategic
programme for circular economy in 2021 with the goal of transforming Finnish economy
into circular economy principles by 2035. The program is guided by 3 objectives: ‘The
consumption of non-renewable natural resources will decrease, and the sustainable use
of renewable natural resources may increase to the extent that the total consumption of
primary raw materials in Finland in 2035 will not exceed what it was in 2015’; ‘The produc-
tivity of resources will double by 2035 from what it was in 2015’; ‘The circular material

use rate will double by 2035’. (Finnish Ministry of the Environment, n.d.)

The roadmap and strategic program promote CBE under the overarching of CE through
strategic actions in cross-sectoral approach to develop circular business model, decou-
ple economic growth and well-being from the wasteful use of natural resources, improve

resource efficiency and adopt intelligence-based digital solutions.

In 2022, the latest adopted Finnish Bioeconomy Strategy 2022-2035 dedicates to more
than a bioeconomy with the vision towards circular bioeconomy. The main objectives of
the Bioeconomy Strategy by 2035 are to double the value added of bioeconomy, to in-

crease resource efficiency and recycling rate, to reduce dependency on fossil fuels with
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bio-based alternatives, to utilize BSWS and adopt circular economy operating model.

(Bioeconomy, 2022)

The reform of Finnish Waste Act (646/2011) is stepping towards circular bioeconomy
promaotion. The amendment to the Finnish Waste Act (438/2019) obligates waste holders
who need municipal secondary waste management services (management of waste that
does not fall into municipal waste collection schemes such as agriculture, forestry, animal
husbandry side and waste streams) worth more than 2000€ per year to use the Materi-
aalitori.fi (Materiaalitori, n.d.). This regulation practice promotes the trading of BSWS and
increase transparency by mapping BSWS resource and their supply and demand
through a digital platform to accelerate the CBE transition.

Finnish Ministry of the Environment is continuously developing a Government Bill
amending the Finnish Waste Act (646/2011). Government Bill draft sets a new goal of
reusing or recycling 55% of municipal waste by 2025 and 65% by 2035 which aligns with
the European WFD (Snellman, 2020). The Government Bill also proposed a change to
centralize the waste collection and transportation to the municipality which means waste
collection and transportation could no longer be organized by the waste holder. This
waste management centralization attempt is good for optimizing the logistics and collec-

tion system for better treatment and valorization practices. (Snellman, 2020)

Finland is a developed country with high personal income tax. Finnish VAT are at 24%,
the fifth highest rate among the EU Member States (Ministry of Finance Finland, n.d.).
Finnish corporate tax was at 20% in 2021, which is still significant but a good rate when
considering that the European Union average is 21.9% (Saldo, 2022). The high taxation
may lead to economical constraints in competing circular practices with traditional linear

practices. This impact may be lowered when operating at corporate scale

4.3 Summary

The summary of the policy and legislation review is presented in table 3. The regulation
is placed within 4 categories based on their impact on CBE development. The 4 catego-

ries are driver, inhibitor, both driver and inhibitor, and missing factors.

Table 3. Policy and legislation review summary

Regulation Content Impact

EU Circular Food and nutrient as focus Gircu- Enhance circular food

. . lar value chain, food waste reduc- X
Driver Economy Action . . . system and nutrient re-
tion target, integrated nutrient
Plan 2020 covery

management plan




Upcoming Eco-
design for Sus-
tainable Prod-
ucts Regulation

Circularity requirement of product

design (sustainable content, envi-

ronment footprint, digital product
passport)
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Sustainable design that

boosts the use of BSWS

products and recycling at
the end

Waste Frame-
work Directive
(2018/2001/EV)

Mandatory biowaste separation
and collection by 2024, 55% of
municipal waste recycled by 2025

Boost biowaste collection
and recovery

Farm to Fork
Strategy

25% organic farm by 2030, re-
duce fertilizer use by 20% by
2030, reduce 50% nutrient loss in
soil by 2030

Boost BSWS recovery as
organic fertilizer and soil
amendment for organic

farming

EU Bioeconomy
Strategy 2018

Launching a €100 million Circular
Bioeconomy Thematic Investment
Platform, sustainable food, for-
estry, and bio-based product

Finance CBE innovation
and market adoption
Promote the utilization of
BSWS and circular bioe-
conomy operation

Finnish Circular
Economy Road
Map 2019

Sustainable food system and for-
est-based loop

Improve food and forest
based BSWS recovery

Finnish Strate-
gic
Programme for
Circular
Economy 2021

Decrease raw material extraction

in 2035 to 2015 level, double re-

source efficiency, double circular
material use rate by 2035

Improve BSWS product
as circular material use

Finnish Bioe-
conomy Strat-
egy 2022-2035

Double the value added of bioe-
conomy, increase resource effi-
ciency

Promote the utilization of
BSWS and circular bioe-
conomy operation

Finnish Waste
Act (438/2019)

Obligate waste holders who need
the municipal secondary waste
management service worth more
than 2000€ per year to use the
Materiaalitori.fi

Promote BSWS trading
for better resource recov-
ery and transparency in
BSWS flow and manage-
ment

Government Bill
amending Finn-
ish Waste Act

Centralize waste collection and
transportation to

Optimize waste transpor-
tation for centralized re-
covery practices

Animal By-prod-
uct Regulation

Does not consider sanitising ef-
fects of various manure pro-
cessing methods and technologi-

Strict requirements for
products derived from an-
imal by products, inhibit
the placement on the

(1069/2009/EC) cal innovation market of bio-waste
Inhibitor based digestate
Income and cor- | Tax on labor cost for CBE opera- Make the use of raw ma-
porate tax tions terial cheaper than CBE
recovery practices, make
VAT VAT on CBE products CBE unattractive to get
people involved
Open the .s.lngle market for bp- Improve BSWS recovery
based fertilizer to trade freely in - 4
. : . fertilizer production
. EU, provide labelling for wide
Fertilizing Prod- range of fertilizing products such through market develop-
Both ucts Regulation g gp ment. However, it is un-

(2019/1009/EC)

as organic fertilizers, organo-min-
eral fertilizers, growing media or
bio-stimulants, provide rules on
safety and quality

harmonized with animal
by product law in term of
strict manure content
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Boost BSWS recovery as

Renewable biogas and biofuel but
Energy 32% of renewable energy produc- 9 . .
N . can exploit raw biomass
Directive tion by 2030 usage for renewable pro-
(2018/2001/EUV) e ot P
uction
Virai . Binding legislation on reducing Boost BSWS products as
irgin material . : -
raw material use raw material alternative

Decrease tax (VAT, personal and
Environmental corporate tax) for circularity prac- | Make CBE practices eco-
Fiscal Reform tices, remove subsidy for fossil nomically attractive

Missing fuel

Boost the recovery and
placement of BSWS
products on the market
as they are not consid-
ered as waste anymore

End-of-waste Lack of End-of-waste criteria for
criteria BSWS

From the policy and legislation review, many regulations have been enacted and devel-
oped with goodwill to promote circular bioeconomy. Within that, the RED and WFD are
the critical ones that support the circular bio-based side and waste streams for biogas
and nutrient recovery. The promising regulation is the awaiting Eco-design for Sustaina-
ble Products regulation and its labeling scheme. Bio-based labeling and eco-design cri-
teria can be expected to revolute the transition to circular bioeconomy from the upstream
of the value chain which is designed for sustainability. Moreover, digital product passport,
the instrument proposed together with the upcoming Eco-design for Sustainable Prod-
ucts Regulation with the aim to improve product transparency and the promotion of Ma-
teraalitori.fi, the e-marketplace for BSWS in Finnish Waste Act open the door for data

and digitalization innovation to support CBE transition.

When it comes to the barriers, the harmonization between new regulations and existing
ones needs to be concerned as the conflict of Fertilizer Products Regulation and Animal
By-product discussed above. Considering technological innovation to boost the recovery
and utilization of strictly regulated BSWS is needed when enacting laws. Taxation and
incentives for circular bioeconomy development are critical to build sustainable circular
business model and market development of BSWS which can be supported more by
regulations. The focus on reducing virgin material usage could be more concerned in
regulations as virgin material extraction is a critical problem that harnesses circularity.
Lastly, providing a wider framework on End-of-waste criteria for BSWS can boost its

recovery and placement of its products on the market.
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5. METHODOLOGY

The CBE operational environment is reflected through the literature review of technolo-
gies and regulations and stakeholder interviews of 3 case studies representing 3 CBE
operational models of self-sustaining circularity, rural-urban symbiosis, and industrial
ecosystem. The research workflow of the thesis work will be explained as a starting point
of describing CBE operation environment research process. The description of 3 case
studies where stakeholders represented is depicted in the following sections together
with the stakeholder interview process and questionnaire formation. The data collection,

processing, and limitation are also addressed.

5.1 Research workflow

The research workflow of the CBE operational environment study follows the sequence:
(1) state-of-the-art review to determine the critical valorization and digitalization technol-
ogies affecting CBE operation, (2) policy and legislation review to define regulatory fac-
tors affecting the CBE operation, (3) stakeholder interview and questionnaire to gain in-
sights on the practical CBE operational environment of the three case studies, (4) CBE
operation environment analysis to identify the challenges and opportunities in CBE op-
eration, (5) CBE systemic management discussion to define the operational interlinkage
and stakeholder engagement in CBE transition (figure 7).

CBE
State of the art Pol_lcy a.nd . Stakgholder opt_eratlonal
. legislation interviews and environment
review . ] k
review questionnaire and
interlinkage

Circular
bioeconomy
Valorization EU
technologies Finland
Data and
digitalization

PESTLE impact
assessment on 3
CBE case studies

Challenges and
oppottunities

Figure 7. Research workflow

The literature review on state-of-the-art technologies and legislations acts as the funda-

mental background to develop the interview discussion and questionnaire content for the
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3 case studies’ stakeholders to analyze the CBE implementation in practice. PESTLE
analysis was utilized to assess the CBE operational environment from different perspec-
tives of political, economic, social, technological, legal, and environmental factors. The
CBE operational challenges and opportunities are determined through literature review
in addition to the validation and opinion of stakeholders within 3 case studies. Lastly,
from the pieces of the 3 CBE operational models discussion, the operational environment
interlinkage is drawn. The role of stakeholder engagement within the vision of CBE op-
eration to solve the identified challenges and leverage the opportunities is discussed.

5.2 Circular operational models

The operational environment of CBE is varied from small to large scale with different
treatment recommendations following the BSWS management hierarchy. Zero Waste
Europe developed the hierarchy for reducing and recycling food scraps and other organic
discards based on the general waste management hierarchy proposed in Waste Frame-
work Directive. This hierarchy suggests the most preferred treatment ranging from
source reduction, home-based solution to small-scale decentralized composting to large-
scale mechanical biological mixed waste treatment, incineration, and landfill as the final

steps (figure 8). (Zero Waste Europe, 2016)

Hierarchy For Reducing & Recycling
Food Scraps And Other Organic Discards

Source Reduction

Edible Food Rescue

Residential Backyard
Composting

Small-scale,
Decentralized Composting

Centralized Composting
or Anaerobic Digestion

Mechanical Biological
Mixed Waste
Treatment

Landfill &

Figure 8. Hierarchy for BSWS treatment (Zero Waste Europe, 2016)

To realize CBE practical implementation following the BSWS management hierarchy, 3

operational models (self-sustaining circularity, rural-urban symbiosis, and industrial
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ecosystem) are generated to study the common and differences in operational chal-
lenges and opportunities at different scales. Self-sustaining circularity operational model
is the representation of the onsite treatment such as residential backyard in the hierar-
chy. Rural-urban symbiosis operational models represent the small-medium scale de-
centralized solution for BSWS recovery. Industrial ecosystem operational model reflects
the centralized solution. These 3 CBE operational models are expanded from small to
large scale, decentralized to centralized solutions in terms of BSWS quantity and stake-
holder collaboration (figure 9).

Rural-urban

Symbiosis *The industry synergy
to handle industrial
streams within an
ecosystem of
centralized circularity

* Practices to handle
own streams and
create own
decentralized
circularity

e Rural-urban
collaboration to
handle streams in
local centralized

Self-sustaining circularity Industrial

Circularity Ecosystem

Figure 9. Circular bioeconomy operational models

Self-sustaining circularity is the emerging concept proposed in this thesis work to inter-
pret the circular economy implementation that the BSWS are produced, recovered, and
utilized within own production. It means the primary producers of the BSWS can sustain
their own material circularity for their own usage. As illustration, household composting
is an example of self-sustaining circularity in which the kitchen and food waste are com-
posted in household’s compost bin to be utilized as fertilizer for the garden. Another
example is Vuorenmaa dairy farm in Haapavesi, Finland which supplies milk to food pro-
duction brand Valio. The farm owns a biogas plant that can turn its cow manure into 1200
MWh of biogas annually, which is used to produce heat and electricity needed at the
farm (Renewable Energy Magazine, 2020).

Rural-urban symbiosis (RUS) is the concept introduced by The Central Union of Agricul-
tural Producers and Forest Owners in Finland (MTK). RUS is the multidimensional col-
laboration between the rural and urban areas that brings benefits to both parties (MTK,
2020). The elements for RUS are diverse ranging from energy, raw material to housing
and tourism. Considering the CBE operation, RUS resonates on the cooperation be-
tween rural and urban actors to collect and handle large BSWS quantities in centralized
practices to maximize the material circularity and bioenergy production. For instance, in

Finland, the wood chips and forest residues from the rural Pirkanmaa region forests are
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the input to the centralized urban Naistenlahti power plant to generate heat and electricity

for the urban region and national grids (MTK, 2020).

Industrial ecosystem is a web of interactions between industries where the residuals of
one facility become the feedstock of another (Lowe & Evans, 1995). The CBE operation
of industrial ecosystem transforms sustainable production beyond individual plant or in-
dustry into the inter-industry collaboration (Lowe & Evans, 1995). It is the broad central-
ized application of CBE that tackles the vast amount of industrial material flows. The
industrial ecosystem synergy creates resource exchange symbiosis, material use effi-
ciency, supports ecological resilience, and brings added profit to the companies. The first
industrial ecosystem in the world is Kalundborg symbiosis in Denmark. It has been de-
veloping since 1972 and in 2022, more than 20 different streams including wastewater
sludge, biomass residues are circulated among 15 companies within Kalundborg eco-
system (Kalundborg Symbiosis, n.d.).

In CBE operational environment, BSWS are circulated within these 3 operational models
that initiates a closed-loop material flow and secondary material market in different scale,

environment, and stakeholder involvement.

5.3 Case study description

Case study is adopted for stakeholder interview practice with the goal to study CBE
within a pre-determined operational environment and stakeholder groups so that chal-
lenges and opportunities can be analyzed in specific cases. 3 case studies evaluated in
this thesis work are HAMK manure hygienization project, MTK e-marketplace and ECO3
industrial ecosystem. The cases are chosen based on its location in Finland and con-
nection to the TREASoOURCE project. As all the case studies are in Finland, they are
under the same operating and legislative environment so that result findings can be com-
pared to each other to withdraw the collective understanding. Manure treatment is a big
issue in Finland with large quantities and strict regulation, HAMK manure hygienization
project is a promising on-site solution that has been noticed on the media. Therefore, it
has been chosen for the self-sustaining circularity case study. Rural-urban symbiosis
operational model is initiated by MTK, one of the project partners in TREASoURCE pro-
ject. MTK is developing an e-marketplace within the TREASoURCE project to demon-
strate its rural-urban collaborative model. In addition to the project partner support, stud-
ying the application of digital application in CBE development is crucial factor when
choosing this case study. ECO3 industrial ecosystem is connected to TREASoURCE
project on the development study and demonstration of CBE practices in Pirkanmaa re-

gion, Finland. ECO3 area with its future development and industrial collaboration
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expansion is then a good selection for industrial ecosystem operational model. The 3
case studies representing 3 CBE operational models and their according stakeholder

interviews are summarized in table 4.

Table 4. Case studies analysis

Interviewees and their organization role

CBE models Case study within the value chain
1. Company developing the technolo
Self-sustaining HAMK manure pany Ping 9y
circularity hygienization project )
2. Research and education
3. E-marketplace developer
Rural-urban

o MTK e-marketplace i . .
symbiosis Primary producer of BSWS questionnaire

4. CE platform developer

5. Biogas buyer and fuel distributor
6. Fertilizer producer

Industrial ECO3 industrial 7. Sustainability consultancy

ecosystem ecosystem

8. Waste collector and biogas producer

9. Business consultancy

10. Research and education

The manure hygienization project is a joint project of IPFur Consulting Oy and Hame
University of Applied Sciences (HAMK). This project evaluates the operation of IPFur
Consulting Oy's ManPas manure hygienization device to hygienize horse manure onsite
in small scale with the production of 1.5 m3 hygienized manure per week. The device
possesses a quick hygienization method in which the temperature of the manure reaches
70°C for 1 h in accordance with the EU by-product regulation. This method can turn
manure into a marketable soil improver and bedding solution for animals. The total pro-
cessing time ranges from 1-4 days. This onsite hygienization practice represents self-
sustaining circularity by recycling manure back into soil improver and bedding for animals
within the livestock farm. (HAMK, n.d.)

“KiertoaSuomesta.fi” initiated by MTK (The Central Union of Agricultural Producers and
Forest Owners in Finland) is an e-marketplace to sell and buy agriculture by-products.
Within this online marketplace, BSWS producers can sell their BSWS and generate ad-
ditional income while the BSWS recyclers can find the available BSWS input for their
BSWS recovery practices or leave the notices of materials they need. The e-marketplace

is still under development for launch. (KiertoaSuomesta, n.d.)
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It represents the rural-urban symbiosis operation model because it connects the rural
BSWS primary producer to BSWS buyer for recovery practices that generates added

values of nutrients and energy providing to both rural and urban area.

ECO3 is a bhusiness area developing bio and circular practices at industrial scale in
Nokia, Finland (ECO3, n.d.). It is developed by Verte Oy and the City of Nokia with the
cooperation of 18 companies within the area and an outside network of several compa-
nies and universities. It represents the industrial ecosystem with the development con-
cept (figure 10) as an industrial synergy for boosting the nutrient, wood, energy cycles,
and improving the material flow between the companies and regional actors.
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Figure 10. ECO3 concept (ECO3, n.d.)

5.4 Stakeholder interview and questionnaire development

The stakeholder interview structure and a part of the questionnaire were developed
based on PESTLE analysis. PESTLE describes different affecting factors and is ex-
panded as Political, Economic, Social, Technological, Legal and Environmental. Political
factor concerns the influence of government (legislations, strategies, taxation) on the
subject. Economic factor concerns the economic performance and market influence on
the subject. Social factor concerns the social environment affecting the subject. Legal
factor concerns the mandate laws and regulations on the subject. Lastly, environmental
factor concerns the sustainability of the subject operation. It is the analysis concept to
assess the operational environment through 6 PESTLE angles to give an overview of

the picture and keep track of the development. (PESTLE Analysis, n.d.)
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The interview questions are divided into 6 PESTLE categories of Political, Economic,
Social, Technological, Legal, and Environmental. Under each category, there are key
factors from which the questions are revolved (table 5). From the literature review finding,
EU and national legislation and taxation and incentive are the two political and legal key
factors to concern. To elaborate on economic factors, market creation for BSWS and
cross-sectoral collaboration in circulating BSWS are concerned. Consumer awareness
and job creation are the two crucial key factors to concern. Virgin material reduction
needs and BSWS environmental benefits are mentioned in the literature review as critical

elements to concern for environmental factors.

Table 5. PESTLE key factors

Categories Key factors

Constraint

Technological
Development

Market
Economic
Cross-sectoral collaboration
Consumer awareness
Social

Job and skilled labor

Virgin material

Environmental
BSWS recovery

EU/national legislation

Legal and Political
Taxation and incentive

The interview process is the combination of the qualitative semi-structured interview and
semi-quantitative PESTLE impact assessment on CBE development. Semi-structured
interview is the qualitative data collection practice by asking the questions within a pre-
determined thematic framework (PESTLE framework in this thesis) while allowing inter-
viewees to investigate different perspectives of the question (George, 2022). Semi-quan-
titative method means providing approximate proportion of the analyte when the exact
numerical result can not be produced (Law Insider, n.d.). The PESTLE impact assess-
ment gives an overview of the impact rating proportion based on the total number of

interviewees.

The interview questions were formulated to identify the challenges and opportunities in
circular bioeconomy development through 6 PESTLE perspectives and their associated

10 key factors. In addition, PESTLE impact assessment was utilized to assess the
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influence of the 10 key factors on the CBE development practices. After answering all
questions under each key factor, the interviewees were asked to evaluate the key factor’s
impact on the CBE development as Positive/Negative impact and its rating Low/Me-

dium/High or Neutral based on their own experiences and opinions (figure 11).

Challenges, negative impact @ IMPACT @ Opportunities, positive impact

HIGH MEDIUM Low NEUTRAL NEUTRAL LOwW MEDIUM HIGH

Figure 11. PESTLE impact assessment scale

The impact assessment scale implies that the higher the positive rating, the more oppor-
tunities and beneficial impact on the CBE practices. On the other hand, the higher the
negative rating, the more challenges and unbeneficial impact on the CBE practices. By
doing so, the PESTLE impact for each key factor can be semi-quantitatively evaluated
as result. The PESTLE impact assessment result is determined based on the major pro-
portion of the rating among the stakeholders involved in each case study. Furthermore,
interviewees were encouraged to give recommendation for future development and how
to overcome the identified challenges. The detailed stakeholder interview question list
formation is attached in the appendix A. 9 stakeholder interviews were conducted online

through Microsoft Teams and 1 interview was face to face at the interviewee’s premises.

The questionnaire for BSWS primary producers were formulated in Microsoft Forms to
identify the BSWS production and treatment practices and its challenges from the pri-
mary producers’ point of view. In addition to that, respondents’ thoughts on the e-mar-
ketplace for BSWS trading were also investigated. In the end of the questionnaire, there
was a PESTLE impact rating which is the same as the one for stakeholder interview. The

detailed questionnaire content is attached in appendix B.

5.5 Data collection, processing, and limitation

Data for the research was collected based on pre-generated stakeholder interview and
questionnaire structure. Other relevant topics discussed during the interview and com-
ments given through the questionnaire were noted beside the original structure. Interview
answers are voice recorded through Microsoft Teams with the consent of the interview-
ees and transcribed for further analysis. Questionnaire results were generated in Mi-

crosoft Forms and downloaded as Excel file for further analysis.

Interviewees and questionnaire participants’ personal information and contact details
collected are not used for research purposes, only for communication. All published data

is research data, not personal data, and any interview and questionnaire comments and
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inputs are anonymized and not connected to interviewees and questionnaire partici-
pants. Citation for the research data is referred as interviewee 1, 2 or 3 as listed in table
4 above. All generated data is stored in VTT secured Microsoft Teams private project
workspace environment. The workspace has limited access to necessary VTT project

personnel only. The main person handling the data is the thesis worker, Tran Ngo.

The data was processed by analyzing every PESTLE category to generate an overview
of the case. The results are presented as the generation of PESTLE stakeholder impact
assessment graph within a single case study and followed by key discussion of 6 PES-
TLE angles.

Since all case studies and results were collected from Finland, the data and result anal-
ysis may limit to the Finnish operational environment. The result discussion and lessons
learned may not represent other circumstances and stakeholders in Europe and globally.
Moreover, circular bioeconomy implementations are varied depending on single case to
case. Therefore, the 3 case studies analyzed in this thesis cannot represent the whole
circular bioeconomy operational environment. The number of interviewees and question-
naire respondents is small and cannot represent the whole value chain. Indeed, only 1
to 2 stakeholders were represented for 1 value chain role, in addition to their specific
operational environment and individual opinions. Hence, the result reliability may have
limitations to the specific cases and do not represent the overall viewpoint on the circular
BSWS value chain.

Data transferability concerns the applicability of the data and results in other circum-
stances and geographies. As all of the case studies are located in Finland, a Nordic
country within Europe, the policy and legislative environment follow the European frame-
work in addition to the Finnish own ambitious strategy to become the circular economy
pioneer. Hence, the legislative environment can be transferable between Europe. Fin-
land has a low population of 5.5 million people and is a developed country with strength
in engineering and digitalization (Finland Toolbox, n.d.). Those characteristics can make
Finland more feasible to adapt to new CBE innovation socially and technically. Hence,
those factors need to be concerned when transferring and comparing Finnish case study

data to other geographies.
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6. RESULTS AND DISCUSSION

In this chapter, the result of the stakeholder interviews of 3 case studies is illustrated
under 3 operational models’ viewpoints of self-sustaining circularity, rural-urban symbio-
sis, and industrial ecosystem. The PESTLE impact rating and the following analysis of
key findings through 6 PESTLE perspectives are presented. The results are discussed
in addition to the literature review of regulations and state-of-the-art technologies to iden-
tify the challenges and opportunities in CBE development. Furthermore, the interlinkage
of CBE operation models in the systemic operational environment and stakeholder en-

gagement in accelerating the CBE transition will also be addressed.

6.1 Self-sustaining circularity operational environment

HAMK manure hygienization project which recovers horse manure onsite into soil
amendment and animal bedding is an example of the technological innovation for self-
sustaining circularity practices. Two stakeholders coming from the company developing
the ManPas device and the research and education organization in charge of the exper-
iment participated in the interview. The general PESTLE impact rating resulted from the

interview discussion is illustrated in figure 12.

M Negative high ™ Megative medium ™ Negative low ™ MNeutral M Positive low B Positive medium B Positive high

EU/Matienal legislation (directive, strategy, --
recommendation)
Market for BSWS -

Business collaboration for BSWS recovery

Custemer adaptation of product recovered from BSWS -

Job creation and skilled labor needed for BSWS
FECOVEryY

Technelogical advance

Technological constraint -
Tax policies and incentives (Waste tax, VAT tax on -
BSWS products)

Energy and nutrient recovery from BSWS

Using BSWS as alternative to virgin materials to

produce fertilizer and biogas
100% 0% 100%

Figure 12. Self-sustaining circularity PESTLE impact assessment (n=2)
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The general PESTLE impact assessment result through 10 key factors based on the
stakeholder rating proportion is positive medium to high. The operational environment
for the practice at small testing scale is in a favorable direction to develop, however, the
challenge for scale-up remains, especially in technological, economic, and political fac-

tors.

As for technological factors, the initial experiment of ManPas device in treating horse
manure brings a good result of short processing time, low energy consumption, and hy-
gienized products. Considering the technological constraint factor, the challenge is to
fully inactivate all contaminants and risk of microbe diseases though the risk is quite
small. Interviewee 1 stated that this challenge can be solved by keeping track of animal
feed to ensure the manure quality without expensive technology development. The focus
on technology development is to verify process and product qualities on large scale.

Considering economic factors, the market is assessed in the positive situation as onsite
treatment can save costs related to manure treatment in which high volume causes lo-
gistics costs very high for off-site treatment practices. It is not to mention the saving from
manure recovered products for soil amendment and animal bedding. Interviewee 1 em-
phasized that although the benefits are seen, finding initial investment to adopt the inno-
vation is an issue. These funding challenges can be greatly supported by political and
legal instruments. In addition to that, the economic factors can also be improved by cre-
ating a new business model and commercializing recovery products. However, the poli-
cies are very strict on the manure derived products and require many permits for the
device process operation and the product quality that could hinder the large-scale adop-
tion of the innovation and product market entry. On the advantageous side of policy and
legal factors, 50% of subsidies for machine investment will be given to the producers

who participate in the experiment to adopt the device.

When it comes to the social factor, creating new jobs is a positive possibility in the case
of large-scale commercialization. Consumer acceptance is good. Interviewee 2 com-
mented that farmers are familiar with manure treatment and utilization for a long history,
so they do not hesitate but the one who has concerns is the law-making people. It has
both a good side of preventing manure contaminant spreading and the other side of
inhibiting nutrient circularity. Hence, the result for social factors is positive and policy

assessment is neutral.

The environmental assessment is high positive as onsite manure recovery with ManPas
device is more ecologically friendly than offsite treatment such as manure incineration

which causes greenhouse gas emission and requires chimney emission control.
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Findings from this case study, the onsite innovation to valorize BSWS can generate great
positive impact from many perspectives, especially in tackling the logistics problem, re-
ducing environmental burdens, and saving money. The contamination related techno-
logical challenge can be solved by intake contamination prevention rather than finding
technological cure. The main challenge for wide scale adoption is initial funding, process
validation, and product entry permission in which policy and legal supports play a vital
role in leveraging the circularity innovation while controlling the process and product

quality.

6.2 Rural-urban symbiosis operational environment

The rural-urban symbiosis model is analyzed through the challenges in managing BSWS
from primary producers’ point of view and the possibility to utilize e-marketplace to cir-
cular BSWS and foster circular bioeconomy development.

The key parameters of the questionnaire respondents are presented in the figure 13.

M Forestry

7

M Livestock production
(Cattle husbandry, milk,
egg, meat production)

(32} (32}
o
Mixed production
— -

3

LARGE (ANNUAL MEDIUM (50.000€ < SMALL (ANNUAL
TURNOVER > ANNUAL TURNOVER < TURNOVER < 50.000¢€)
250.000%€) 250.000¢€) B Plant production (Arable

farming)

Figure 13. Questionnaire respondents' parameters

In total of 28 questionnaire respondents, the dominant production lines of the BSWS
producers are livestock production and plant (arable farming). Their production sizes are
39% large (annual turnover > 250.000€), 36% medium (50.000€ < annual turnover <
250.000€), and 25% small (annual turnover < 50.000€) respectively.
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W< 1t/year WM< 10t/year MW 10to50t/year M= 50t/year W > 100 t/year

Forest residues _-
Agricultural plastics _.
Paper and cardboard _

100% 0% 100%

Figure 14. BSWS production

As a result of large production size in livestock production (figure 14), manure is the main
BSWS production of the questionnaire respondents with more than 35% percent an-
swers of more than 100 tons annually (figure 10). It is followed by crop residues with
around 30% of answers producing more than 100 tons annually.

6% 2%

8%
31%
15 ’
14 % .

24%

= Direct use (direct land spreading, direct animal feed, direct combustion (wood waste for heating))
m Pay for the waste management service

= Recover it to fertilizer by own composting facilities

= Sell it

m Just leave it aside

= Other

m Recover it to biogas by own biogas facilities

Figure 15. BSWS treatment

The most common treatment and recovery practices are direct use (direct land applica-
tion and direct animal feed), and paying for waste management services (figure 15). The

following popular choices are fertilizer recovery and BSWS trading. There are 8%
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answers of leaving the BSWS aside without any treatment. Responding the question
about challenge in handing BSWS with those current practices, the remarkable answers
are the lack of guidance for BSWS disposal (especially agriculture plastic so it is often
ended up in mixed waste), logistics obstacle in remote area, expensive BSWS manage-
ment costs, making the recovery practice economically viable and discovering the BSWS

market.

Your BSWS quantity is low for recovery practices
Other

Do not have investment for recovery facilities

Do not have time and human resource for recovery
practices

Do not have enough knowledge on how to use BSWS
recovery products (fertilizer, biogas)

Do not have enough technical knowledge for recovery
practices (composting, anaerobic digestion)

o
(6]

10

Figure 16. BSWS self-sustaining circularity challenges

Going further to the inhibitor factors for BSWS own self-sustaining practice and trading
possibility for rural-urban symbiosis development, the main reason for not having own
BSWS recovery practices is not having sufficient BSWS quantity (figure 16). It is followed
by not having investment and not having enough time and human resources. In one
respondent’s comment, they stated that utilizing BSWS takes more resources than the

benefits it creates in their case.

When it comes to selling BSWS, besides respondents who recover BSWS themselves,
the noticeable hindrances are not having enough BSWS quantity to sell and not having
enough buying demand (figure 17). Despite those challenges, the trading practice is still

one of the solutions for 15% of the respondents (figure 15).
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Figure 17. BSWS trading challenges

To boost BSWS circulation which implies boosting secondary material flow and recovery
between rural and urban contexts, the digital solution e-marketplace has been introduc-
ing and developing for BSWS trading. Responding to the e-marketplace adaptation and
hesitancy, 54% of respondents may use e-marketplace, 28% yes and 18% no. The figure
18 illustrates the questionnaire participants’ hesitancy to adopt e-marketplace for selling
their BSWS.

14 % 43 %

29%

= Unfamiliar with digital market and transaction

= Service fee

= Credibility of the users (fake buyer, fake seller, etc,)
= Other

= Data protection

Figure 18. Hesitancy in utilizing e-marketplace

The main hesitancy is the digital market unfamiliarity and follows by the service fee. In

other reasons, one respondent stated that the digital market and its sale competitiveness
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may cause negative false impression on the recovery and treatment activities. The PES-
TLE impact assessment results from this case are illustrated in the figure 19.

W Megative high  m MNegative medium  m Negative low  m Meutral  ® Positive low B Positive medium B Positive high

EU/National legislation {directive, strategy, -...
recommendation)
Business collaboration for BSWS recovery -_

Customer adaptation of product recovered from -_
BSWS

Job creation and skilled labor needed for BSWS
recovery

Technological advance

Technological constraint _-

Tax policies and incentives (Waste tax, VAT tax on ---

BSWS products)

Energy and nutrient recovery from BSWS ._
Using BSWS as alternative to virgin materials to I_
produce fertilizer and biogas

Figure 19. Rural-urban symbiosis PESTLE impact assessment (n=28)

The general impact assessment result based on the stakeholder rating proportion is neu-
tral to positive low, and the noticeable negative factors are technological constraint, po-
litical and legal factors. Discussing technological constraints in rural-urban collaboration
practices, interviewee 3 stated that the critical problem is logistics, feedstock quality, and
quantity. To elaborate, the water content in feedstocks makes them large in volume and
guantity which adds up to the logistics burden. In addition, logistics in rural areas are
challenging in terms of cost and connection. According to interviewee 3, the feasible
distance for BSWS transportation is under 80 km. The feedstock quality and availability
are challenging since the industry demands large and high BSWS quality (dry enough,
unmixed) while primary producers produce in small quantities, and it is hard to ensure
the required industry quality. To solve those challenges, the recommendations are to
apply drying pre-treatment and recovery onsite or decentralized local facility, build gath-
ering terminal to collect BSWS and ensure the feedstock quality. Knowing the resource
flow then is crucial to build up the logistics and local recovery facilities, which can be
supported by the digital application of resource mapping through e-marketplace.
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The market is a positive driver for biogas and nutrient recovery as energy and resource
security are threatened by Russia’s war on Ukraine. However, the dilemma is the con-
straint for finding investments to develop valorization practices. It leads to the discussion
of policy, taxation, and incentive factors. From the questionnaire, 93% of respondents do
not receive any incentives for BSWS recovery while the cost is high to handle BSWS,
whether it is paying for waste management service, own recovery operation or selling.
In addition, policy restrictions on manure and sludge recovery and utilization are also

mentioned as challenges.

The social factors with customer adaption to BSWS derived product and job creation
from BSWS recovery practices are highly positive from primary producer viewpoint. Con-
sidering e-marketplace adaption, interviewee 3 addressed the digital unfamiliarity, tradi-
tional working practices and change resistance as inhibitors with the recommendation to
raise awareness and build capacity building.

Lastly, when it comes to environmental factors, the recovery of BSWS undoubtedly
brings sustainable impact. For replacing and reducing virgin materials with BSWS alter-
native, interviewee 3 stated that it is potential, but the current law of mixed fertilizer mar-
ket entry is still going on, so it is also another regulatory barrier to boost the environment
and economic factors of utilizing BSWS as raw materials. Interviewee 3 added that there
may be a concern about the overproduction of BSWS to supply market demand instead
of preventing BSWS generation in the first place, which are also noticed before from
questionnaire respondent that the BSWS trading and recovery practices can get wrong

impression because of the economic benefit and competition.

Finding from this case, rural-urban symbiosis model of connecting stakeholders to create
BSWS value chain are potential where self-sustaining practice is not feasible for all. The
synergy in rural-urban collaboration then becomes the solution to uptake BSWS flow in
optimal way. The critical challenges for this model are ensuring feedstock quality and
quantity for market demand, logistics, policy restriction, lack of funding and incentives.
Making the recovery practices economically viable is the key to the circularity transition.

More opportunities lay in market demand and job creation.

6.3 Industrial ecosystem operational environment

The industrial ecosystem represents industrial synergy for BSWS treatment and recov-
ery. While self-sustaining circularity is often home-based and small-scale solutions, rural-
urban symbiosis stays in local decentralized solution, industrial ecosystem is the large-

scale centralized solution to handle BSWS and produce circular products in large
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gquantities. ECO3 industrial ecosystem case study is analyzed through 7 relevant stake-
holder interviews within the development area. Their PESTLE impact assessment result

is illustrated in figure 20.

W Megative high B Negative medium B Megative low B Neutral B Positive low B Positive mediumn B Positive high

EU/Mational legislation (directive, strategy, -..-
recommendation)

N
Business collaboration for BSWS recovery II_
Customer adaptation of product recovered from BSW5S -_

Job creation and skilled labor needed for BSWS ._
recovery

Tax policies and incentives (Waste tax, VAT tax on -..-

BSWS products)

Energy and nutrient recovery from BSWS I_
Using BSWS as alternative to virgin materials to -—
produce fertilizer and biogas

100% 0% 100%

Figure 20. Industrial ecosystem PESTLE impact assessment (n=7)

The general PESTLE impact assessment based on the stakeholder rating proportion for
this case is positive medium to high. The result shows positive high impacts in many
factors, especially business collaboration, market, job creation, and energy nutrient re-
covery. The political and legal factors show more positive signs when compared with the
two previous cases. On the other hand, technological constraint causes a significant

negative impact.

Discussing about technological constraints, interviewee 8 from BSWS collection and
treatment company stated that their technical challenge is to ensure product yield and
quality. With composting they have extensive experience so there is not so much con-
cern, however, for anaerobic digestion, they just adopted it for 2 years so there is a
challenge to adjust the microbiological process with their feedstock. Interviewee 8 added
that this yield constraint can be improved with better feedstock quality meaning better
biowaste separation at source. According to the interviewee’s company statistics, there
are still 37% of biowaste in mixed waste which implies better sorting is needed for BSWS

value added recovery. Interviewee 10 from the research and education organization
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shared the same idea that the main technological challenge is product impurity (micro-
plastic, heavy metal, pharmaceuticals) and upgrading and this challenge should be
solved from the root cause which is feedstock quality with better separation and more
sustainable product design. On the other perspective, interviewee 5 from the biogas buy-
ing, producing, and distributing company commented that the technical challenge is an
economical challenge in their view. There is technological availability for biogas impurity
removal and upgrading but it is the most expensive facility considering the whole recov-
ery practices. Hence, the challenge within the industrial scale is then ensuring profitability
and finding economically viable technical solutions.

The economic factor market is in favorable condition for biogas and organic fertilizer
according to interviewee 5 — biogas producer and distributor, and interviewee 6 —fertilizer
producer. Among the interviewees (7,9), there is a concern that electrical vehicles are
more promoted than biogas vehicles. In corresponding to that, interviewee 5 stated that
the heavy truck is the profitable market for biogas traffic fuel, and it is their focus while in
passage car, the electrical vehicle dominates. When it comes to organic fertilizer pro-
duced from BSWS, interviewee 6 commented that the market sale for them is good and
they export the organic fertilizer to several foreign countries. Their challenge is feedstock
availability with high quality and quantity to produce more products and ensure the supply
demand. According to interviewee 10, even though the market is in a good position for
especially biogas production due to the war crisis, the energy price fluctuation causing

market uncertainty can be a challenge for market development.

Business collaboration within ECO3 area is developing. Interviewee 9 stated that regular
meetings for the industries within the area are held to define the feasible collaboration to
improve the circularity. Interviewee 4, the ECO3 area developer commented that they
will develop a digital platform to keep track of the innovation and share information to
boost collaboration since industrial synergy is the key to the area development.

When it comes to political and legal factors, the industries rate it more positive than ed-
ucation and consultancy. Interviewee 5 stated biogas was introduced into the blending
mandate of 12% biofuel for energy production in Finland, which has helped company to
sell extra ticket of bioenergy to the other energy production and increase the profit. How-
ever, energy tax was added for biogas traffic fuel usage recently while it is still tax free
for other industrial energy usage. For organic fertilizer, interviewee 6 stated that policies
promote their production. On the other hand, their concern is the ununited regulations
between European countries result to that they need permits, which have long permit
application periods, in every country that they export their fertilizers to. From the consul-

tancy side, interviewee 7 stated that BSWS permission process are long and strict that
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can inhibit technological innovation to some extent. Interviewee 9 recommended to add
more end-of-waste status in legislation so that more BSWS are not categorized as waste

and end up unrecovered.

Social factor job creation is highly positive in this case. Interviewee 4 stated that the
ECO3 area operation has generated hundreds of new jobs and can contribute to local
development. Social awareness needs to be raised more in media campaigns and edu-
cation, especially in better biowaste separation knowledge according to interviewee 8.
Circularity needs to be integrated more in every sector and education to boost the circular
design and knowledge of sustainable material choice.

Considering environmental factors, interviewees 8 and 10 agreed that the BSWS recov-
ery benefits can outweigh the environmental risks of methane leak, odor, and emission.
Interviewee 8 added that CO, emission from the recovery can even be captured for
added value with technological development.

Finding from this case, the critical technical constraint is to ensure product yield which
can be traced back to the root cause of feedstock availability and quality, waste separa-
tion, and material design. Technological development generates a high positive impact,
but the economic viability of the technology is a challenge for finding investment and
ensuring sustainable business model. Technological innovation applying from the root
cause of the problem such as waste separation and sustainable material design is better
efficient and more cost effective. The changing in social factors such as better awareness
raising for BSWS sorting and better integration of circularity in education to design and
consume more sustainably can be the phenomenal solution for technical challenges. The
political and legal factors are more positive for the industry. The industrial ecosystem
operation generates a positive high impact on social, economic, and environmental fac-
tors in terms of job creation, and opening the market for BSWS products in large produc-

tion while reducing the environmental footprint from BSWS treatment.

6.4 Overview of the challenges and opportunities

Through the stakeholder interview of 6 PESTLE operational perspectives in addition to
the literature review of legislation and state-of-the-art technologies, the opportunities and
challenges in CBE operational environment are identified as feedstock availability and
quality, technical operation, financial viability, policy and legislation change, social ac-

ceptance, resource competition, and virgin material alternative.

Feedstock availability and quality: Withdrawing from the stakeholder interview and ques-

tionnaire results, ensuring consistent feedstock quality and quantity are challenging and
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may lead to significant costs for feedstock pre-treatment, logistics, and storage. It is the
barrier to the material flow between BSWS producers and the industry while the BSWS
producers are lack of buying demand and the industries are lack of quality feedstock.
This challenge opens an opportunity for a business model to bridge this gap through

buying BSWS from small producers, feedstock processing, and supplying to the industry.

Technical operation: The larger the operation scale, the more complex in technical and
operational practices. Both literature review and stakeholder interview results show that
the main technical issues are defined as low quality product that induces the need for a
costly upgrading process. Tackling this technical challenge from the earlier cause of
waste separation and material design is more efficient and cost-effective. The opportu-
nities for future technical development then lay in upstream processes such as sustain-
able material innovation, product eco-design, waste separation, and feedstock pre-treat-
ment. According to the literature review, the adaption of digital applications such as smart
waste management, e-marketplace, Al, and blockchain-based value chain management
system are accelerating factors for CBE transition. The valorization technology such as
Black Soldier Fly Treatment is promising for industrial scale-up thanks to its product and

production cost feasibility.

Financial viability: According to both the literature review and stakeholder interview, to
make recovery practice economically viable is difficult with logistic challenges and high
investment costs for facilities in addition to the energy price and market demand fluctu-
ation. The key challenge for small operators is getting financial access to adopt recovery
practices. As for technological innovation on large scale, sustaining the production until
the market introduction and turning profitability is financially challenging. The opportuni-
ties for finance can open through regulations and funding schemes from Bioeconomy

Strategy and Environmental Fiscal and Tax Reform.

Policy and legislation change: The regulatory environment has both challenges and op-
portunities. The legislation is changing to a more sustainable will, however, the chal-
lenges of unharmonized regulation between the new and existing regulations or between
the countries are noticed. Through literature review and stakeholder interview, the re-
striction of BSWS product processing and utilization is noticed as a possible barrier to
technological innovation in circulating BSWS. Furthermore, more political, and legal sup-
port for small BSWS recovery in self-sustaining and rural-urban symbiosis operations
are needed since the earlier recovery practices can reduce much further treatment and
logistic burdens. According to the stakeholder interview result, the industries rated the
policy and legislation factors more positive than the other two smaller operations which

may imply political supports focus more on the industrial sectors. Policies and legislations
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are agreed upon between stakeholders as the critical driver for BSWS market creation,
consumption, and production behavior change. Fiscal instruments such as financing and
tax incentive for BSWS recovery, reducing the subsidy for non-renewable practices, and
the upcoming eco-design for sustainable product regulation will be significant CBE pro-
motions. End-of-waste criteria expansion for BSWS is mentioned in both literature review
and stakeholder interview to limit BSWS disposal as waste status and better uptake
BSWS and place BSWS recovery products on the market. As technological challenges
are recommended to be solved from the root cause of sustainable material design ac-
cording to the stakeholder, the awaiting Eco-design for Sustainable Products Regulation

in the literature review can be a great driver for upstream circularity.

Social acceptance: Consumer sustainable consumption is discussed in stakeholder in-
terview as the driver for sustainable production. Consumer acceptance and demand are
indeed an opportunity. Integration of sustainability into education in all sectors can foster
social awareness and prepare sustainability workforce for the systemic multidisciplinary
transition. However, change resistance and digitalization unfamiliarity can be barriers to

adopting CBE technologies and digital management practices.

Competition with other resources: Organic fertilizer may compete with traditional fertilizer
which is not favorable in terms of cost. Biogas traffic fuel may compete with electric ve-
hicles as mentioned in the stakeholder interview, biogas energy may compete with other
renewable energy sources, such as wind and solar power. The competitions are for in-
vestment capital and customer demand. Competition is a market challenge, and it can

turn into favorable conditions through regulation support.

Virgin material alternative: The literature review concerns the challenge of decoupling
raw material extraction from economic growth. The opportunities for using BSWS as an
alternative to virgin material are high according to the stakeholder interview. BSWS as a
virgin material alternative provides both environmental and economic benefits from sav-
ing raw material extraction and utilizing secondary material instead. The mixed produc-
tion can also be a good chance to blend BSWS and ensure sufficient product quality.
Nevertheless, the challenge lies in mixed production requirements and product entry

permissions and regulations.

6.5 Circular operations and their interlinkage

Considering the connection between the 3 CBE operation models to view the circular

bioeconomy transition in systemic way, circular operation interlinkage is discussed
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through the vision of small self-sustaining circle to medium rural-urban circle to the large

industry circle (figure 21).
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Figure 21. Circular operation interlinkage

As feedstock quality and logistics and its associated cost and environmental impacts are
mentioned as the key challenges, the onsite technological innovation like ManPas device
for self-sustaining practices or pre-treatment of BSWS should be in focused development
as the fundamental circle of the circular bioeconomy loop. Where self-sustaining prac-
tices are not feasible, rural-urban symbiosis can optimize the circularity by gathering,
trading, recovering BSWS in local facilities or mobile solutions, or by pre-processing
feedstock for the industries. Following that, the centralized solution of the industry circle
not only recirculates the industrial BSWS flow but also can uptake the feedstock pro-
cessed from rural-urban symbiosis. By doing so, the feedstock quantity and quality gap
between the primary producer and the industries can be bridged. Furthermore, the in-
dustrial synergies and large production can create a market for BSWS, generate demand
and pull the smaller operations to grow circularity with it. The more circles and interlink-

age created between the circular operation models, the larger the systemic circularity.
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To make the systemic circular operation function requires multidisciplinary stakeholder
engagement. Their roles and actions in the accelerating systemic CBE transition are

illustrated in the figure 22.
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Figure 22. Stakeholder engagement

According to the network governance in circularity theory from Cramer (2020), there are
5 main actions for the stakeholder forces within the circular value chain development.
They are market creation from business and industry forces, pre-condition creation from
government forces, research and technology development from the research and con-
sultancy force, sociocultural change from citizen and consumer forces, and system or-
chestration from the circularity platform developer or the transition coordinator. Promot-
ing the systemic CBE transition from self-sustaining practices to industrial ecosystem
requires the technological push of sustainable material design, BSWS separation and
pre-treatment, BSWS valorization and digitalization in value chain management from re-
search and education forces, market creation pull from business and industry to adopt
circular technologies and business models to uptake BSWS and create value added
products in conjunction with the pre-condition of political and legal supports in regula-
tions, fundings, tax incentives from the administrative forces and sociocultural change to
adopt circular BSWS products and services from the citizen and consumer forces. Out
of that combination, the system orchestrator role and systemic operational management
are crucial to engage the stakeholder in common goal actions to drive the circular initia-

tives forward, upscale, and replicate circular models.
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/.CONCLUSION

Through the literature review of valorization technologies and digitalization adoption and
stakeholder interviews, the main goal of the study is to create an overview of the CBE
operational environment and identify the challenges and opportunities associated with
the 3 CBE operation models and their interlinkage in CBE systemic transition.

Finding from the literature review and stakeholder interviews, the key elements impacting
CBE operation are feedstock availability and quality, technical operation, financial viabil-
ity, policy and legislation change, social acceptance, resource competition, and virgin

material alternatives.

The common adopted technological solutions for BSWS are biological methods including
composting and anaerobic digestion. The main technical challenge following it is to en-
sure product quality whose root causes are feedstock quality and availability and unsus-
tainable material design. Technological development cures solving the problem from the
earlier causes can bring more efficient and cost-effective effects. Data and digitalization
technologies can foster the transition to CBE through e-marketplace, Al, and blockchain-
based value chain management systems. The challenge for it remains in the high-tech

adaption and digital infrastructure requirements.

The policies and regulations are moving towards CBE promotion through a biowaste
separation mandate and renewable energy targets. However, unharmonized regulations,
restrictions on BSWS product entry, taxation, and low circularity incentives are noticea-
ble regulatory challenges. In addition, more financing and fiscal support for small opera-
tions are needed as developing a small self-sustaining circularity model can reduce the

great burden of further logistics and treatment.

To initiate the systemic transition to circular economy requires the close interlinkage of
small self-sustaining circularity, medium rural-urban symbiosis, and large industrial eco-
system operation models and stakeholder engagement. The driver for transition is the
combination of technological push, market pull, political support, and sociocultural
change to adopt circular products and services. While stakeholder engagement is a pre-

requisite to make that combination feasible, the role of the system orchestrator is crucial.

Future research can dig further into one specific BSWS such as wood waste and food
waste to analyze the operational model in a more specific environment to define chal-

lenges, opportunities, and solutions more appropriate to that stream value chain.
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APPENDIX A: STAKEHOLDER INTERVIEW QUESTIONS

7

TREASoURcE
Question List
Factor Question Answer | Impact* | Recommendation
1. What are the technical challenges in bio-based side and waste streams
Constraint (BSWS) recovery for biogas and composting? (E.g., Waste segregation,

Technological

collection, feedstock availability, microbiological process control, odour and
vermin, low yield)

Development

2. How well technology availability (composting, anaerobic digestion) nowadays
enables BSWS recovery? What are the needs for development?

3. How attractive is the (physical and/or digital) market for BSWS and its
recovered nutrient (E.g., biogas, fertilizer)? How is the market demand?

Market 4, Which BSWS recovery could be profitable? What hinders the profitability?
Economic (E.g., Logistic, operating cost, labour cost, low product price, VAT on product)
Cross- 5. What/how is the cross-sectoral collaboration in CBE development (ECO3, e-
sectoral market)? Where it happens and where it doesn’t?
collaboration | 6. Does the collaboration bring added value for all?
Customer 7. How is the consumer awareness of BSWS recovery and its green products
adaptation (E.g., biogas and fertilizer)?
Social Job and 8. By bringing the current unused BSWS to local CBE practices, how well it can
ckilled labour contribute to create new local jobs?
9. Do we have enough skilled labour for CBE transition?
::;fler:'ial 10. How effective is it to utilize BSWS as alternative to virgin natural resources?
Environmental BSWS 11. How well BSWS treatment and recovery contribute to sustainability (E.g.,
recovery reduce waste, organic fertilizer, low-carbon fuel, renewable energy)?
12. Are there any adverse impact to the environment?
Taxation 13, How does the taxation affect CBE practices (E.g., Personal and corporate
Legal and tax, VAT on BSWS product, any incentive for doing circular bioeconomy)
Political EU/national | 14. What kind of policy drive and/or inhibit the BSWS recovery and CBE? What
legislation is missing?

*Impact assessment: (P)ositive/(N)egative + (L)ow/(M)edium/(H)igh, O for Neutral
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APPENDIX B: PRIMARY PRODUCER OF BSWS
QUESTIONNAIRE

The survey will take approximately 15 minutes to complete. Thank you for participating in this
research and contributing to the overall circular bioeconomy movement!

1. What is your name? *

2. What is your organization? *

3. Where is your organization located (Postal code, municipality)? *

4. What is your production line? *
O Plant production (Arable farming)
O Plant production (Green house production)
O Livestock production (Cattle husbandry, milk, egg, meat producticn)

O Mixed production

Q Forestry
O Other



5. What is your production size? *

O Small (Annual turnover < 50.000€)
() Medium (50.000€ < Annual turnover < 250.000€)

O Large (Annual turnover > 250.000€)

6. What are your bio-based side and waste streams (BSWS)? *

D Animal manure
E| Crop residues
D Forest residues

D Agricultural plastics
D Biowaste
O
]

Paper and cardboard

QOther



7. What is the annual volume (tonnes/year) of your bio-based side and waste
streams listed above?

You can skip any type of BSWS that you do not produce.

10 to >
< 1 t/year < 10 t/year 50 t/year > 50 t/year 100 t/year

. O O O O O

Crop residues O O O O O
o o o o o O
e O O O O O
siowaste O O O O O
w0 O O O O
Others O O O O O

8. What are your current solutions of BSWS treatment and recovery? *

D Direct use (direct land spreading, direct animal feed, direct combustion (wood waste for
heating))

Recover it to fertilizer by own composting facilities
Recover it to biogas by own biogas facilities

Just leave it aside

Pay for the waste management service

Sell it

O
O
0
0
0
0

Other



9. What are the challenges in handing BSWS with your current solutions? *

10. If you do not recover your BSWS by your own, what hinder you to do it?

]

[
U
UJ
0O
0

Do not have investment for recovery facilities
Do not have time and human resource for recovery practices

Do not have enough technical knowledge for recovery practices (composting, anaerobic
digestion)

Do not have enough knowledge on how to use BSWS recovery products (fertilizer, biogas)

Your BSWS quantity is low for recovery practices

Other

11. If you do not sell your BSWS, what hinder you to do it?

O00goo

O

You recover your BSWS by your own
Not enough buying demands

Not enough BSWS quantity to sell
BSWS quality is not good enough to sell

Logistics cost is too high that makes BSWS sale unattractive to buyer

Other
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12.

13.

14.

15.

16.

Do you have plan to gain more added value from your BSWS (e.g., saving
from using your BSWS recovery fertilizer instead of buying other one, BSWS
recovery to biogas for heat, electricity and transportation fuel, selling BSWS
to earn extra income) ? *

I:] No plan

D Utilize the nutrient as fertilizer

D Biogas

[] seliBsws

D Other

Are there any noticeable regulatory requirements for handling your BSWS? *

O Yes
O No

Does it drive or inhibit your BSWS treatment and recovery practices? *

O Driver
() Inhibitor
O Both

Please specify what is it and how does it drive your BSWS treatment and
recovery practices? *

Please specify what is it and how does it inhibit your BSWS treatment and
recovery practices? *
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7.

18.

19.

20.

21.

70

Do you receive any government incentive to recover your BSWS? *

() Yes
() No

If yes, please specify it *

How much does the treatment of the BSWS cost annually to you at the
moment? *

O o
() < 2000€/year

() > 2000€/year

According to the Waste Act (438/2019), if you need municipal waste
management services (TSV) that costs more than 2000€/year, you are
obligated to trade your BSWS on Materiaalitori.fi (Data platform for waste
and side streams). Have you ever used it? *

O Yes
O No

Have you successfully sold your BSWS through Materiaalitorifi? *

O Yes
O No



22. What are the challenges in using Materiaalitori.fi?

23. Do you know KiertoaSuomesta.fi (The Online Marketplace to Buy & Sell
Agricultural Byproducts)? *

O Yes
Q No

24. Are you interested in using it for trading your BSWS? *

() Yes
O No
O Maybe

25. Do you have any hesitancy to use e-marketplace for trading your BSWS? *

O Yes
O No

26. What are your hesitancies? *

D Unfamiliar with digital market and transaction

I:] Credibility of the users (fake buyer, fake seller, etc,)

D Service fee

D Data protection

D Other
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27. How do you rate the impact of these factors on BSWS recovery? To which
degree they drive (positive impact) or inhibit (negative impact) BSWS
recovery?

You can skip any factor that is not familiar to you.

Negative ~ Negative  Negative Positive Positive
high medium low Neutral ~ Positive low  medium high
EU/National
o soter
(rect o O O O O ©o 0
recommenda
tion)

bowe " O O O O O O O

Business
llaborati
wmiT O O O O O 0O O

recovery

Customer
adaptation of

product O O O O O O O

recovered
from BSWS

Job creation
and skilled

labor needed O O O O O O O

for BSWS
recovery

g 00 0 O 0 O
e O 0 0 0O O O O

Tax policies

and

incentives

(Waste tax, O O O O O O O
VAT tax on

BSWS

products)

Energy and
nutrient
recovery from O O O O O O O

BSWS

Using BSWS

as alternative

to virgin

materials to O O O O O O O
produce

fertilizer and

biogas



