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INTRODUCTION

In the face of increasing global demand for bioresources and the pressing need for
sustainable development, the assessment of bioresource sustainability has emerged as a critical
area of scientific inquiry. This Thesis is dedicated to conducting a comprehensive evaluation of
the sustainability of bioresources in Latvia. It aims to delve into their potential as a better
alternative for and to scrutinize the environmental and economic implications that arise from
their utilization in the local context.

As a case study for sustainable bioresources, among other examples, sea buckthorn
plantation is analysed. This perennial bush embodies many of the challenges of bioresources
and sustainability. The concept of sustainability is multidimensional, encompassing a wide
array of considerations. Sea buckthorn, for example, is not only an income source for farmers
but also a source of sustainable and healthy bioproducts in pharmacy, thus reducing climate
changes and improving the wellbeing of people. As part of the cold supply chain, it requires a
significant amount of energy not only during the growing phase but also during transportation
and storage, thus also creating greenhouse gasses.

The decision-making process for end-products with low added value or as part of more
sophisticated products in agriculture is analysed. In the context of bioresources, sustainability
involves an intricate balance between their renewability, the carbon neutrality they offer, and
the impact they have on biodiversity, investment desicions, and the prosperity of people around
bioresources. During research, specific methodologies and tools are used to analyse the Latvian
cases of bioresource usage.

Chapter 1 of this study concentrates on sea buckthorn - determining the existing impact on
the sustainability of bioresources cold supply chain and processing and what improvements
could be performed by analysing the specific Latvian case study of existing plantation and
supply chain near the town of Cegsis. Also, market readiness for renewable energy sources
among companies in Latvia is analysed.

In Chapter 2 of the Thesis, researches the future impacts of bioresources, namely the
greenhouse gass emissions of the sea buckthorn plantation and new, sustainable future
bioresources as alternative substitution for existing fossil-based products.

Finally, a decision-making tool for future bioresource trends in agriculture is researched to
assist those in policy-making or business environments seeking more sustainable bioproducts
to promote, research and develop.

The goal of this research is to pave the way for a more sustainable future. By shedding light
on the sustainability of bioresources, it hopes to contribute to the transition towards renewable
sources of energy and materials, a key pillar of sustainable development. This transition is not
only about meeting our energy and resource needs but also about preserving our planet and
ensuring the well-being of current and future generations.



The Relevance of the Doctoral Thesis

In the contemporary world, the relevance of sustainability assessment of bioresources
cannot be overstated. Sustainability and resource availability have become an increasingly
crucial factor in policymaking and investments. This is due to environmental, economic, and
social concerns that have risen because of global population growth and climate change.
Governments around the world are now recognizing the importance of sustainability and are
implementing policies that support sustainable investment practices.

The increasing global demand for bioresources and the urgent need for sustainable
development have brought this field to the forefront of scientific research, business, politics,
and daily life. Bioresources are one of the pillars in many policy documents at the national
level, like Latvian “The National Development Plan 2021-2027”, European level “New Green
Deal” and “Common agricultural policy” or international United Nations 17 sustainability
goals.

In Latvia alone, for the next five years, more than nine billion EUR will be allocated, among
others, to promote the usage of bioresources, thus promoting sustainability and long-term
development. Bioresources can be analysed by countless metrics and criteria. During research,
specific dimensions of bioresources sustainability are chosen — logistics and processing,
greenhouse gas emissions, renewable energy, added value of materials and innovations and
investments. Those dimensions are applied to various bioresources, including sea buckthorn
plantation as a main case study.

During research, sustainability in bioproduction refers to the idea that economic activity
should take place while preserving and enhancing environmental assets over time. This includes
considering impacts on natural resources, energy source availability, greenhouse gas emissions,
and justification for new economic investments. Investments in bioresources support
responsible land use practices, seek to reduce negative environmental impact and support
renewable energy, and ecologically sound practices. All those factors are everyday topics at the
manufacturing level of bioresources, at policy-making level and at the investment planning
level, thus clearly proving the relevance of the Thesis subject.

The findings of this Thesis are intended to contribute to the development of strategies and
policies that promote the sustainable use of bioresources. By providing a thorough and objective
assessment of bioresource sustainability, this Thesis aims to inform decision-making processes
at multiple levels, starting from the farm level and providing tools for more general policy
making.

Industry stakeholders can gain valuable insights to guide their operational and strategic
decisions, enabling them to align their practices with sustainability principles. Policymakers
can use the findings to craft informed and effective policies that encourage the sustainable use
of bioresources. At the societal level, the research can contribute to raising awareness and
understanding of bioresources sustainability, fostering informed public discourse and decision-
making.



Objective and Tasks of the Thesis

The primary objective of this Thesis is to evaluate the environmental and economic impacts

of utilizing sustainable bioresources. This analysis aims to shed light on the multifaceted

influences driving sustainable practices uptake within the bioresource sector. By pinpointing

the obstacles to widespread adoption and identifying the catalysts for change, this research

endeavours to offer strategies for enhancing the promotion and integration of sustainable

bioresources, thereby fostering more environmentally and economically viable choices.

Tasks:

Identify sustainability dimensions. Outline the key sustainability dimensions pertinent
to this research, encompassing environmental, economic, and social aspects.

Gather data for case study analysis. Collect comprehensive data for a Life Cycle
Assessment (LCA) and Life Cycle Cost Analysis (LCCA) focusing on a case study of a
sea buckthorn plantation to understand the sustainability impact across its lifecycle.
Engage with industry stakeholders. Conduct structured interviews with stakeholders in
the business community to gather insights on current practices, challenges, and
perceptions regarding the sustainability of bioresources.

Experimental analysis of alternatives. Design and execute experiments to evaluate the
viability and sustainability of alternative materials compared to conventional ones
within the bioresource sector.

Literature review and application of GHG calculations. Undertake a thorough literature
review of greenhouse gas calculators tailored for horticulture plantations. Apply these
tools to a localized scenario to validate their accuracy and relevance.

Develop a system dynamics model. Create a system dynamics model for selecting
bioresources to assess their sustainability. This model should help determine the most
viable bioresources based on predefined sustainability criteria.

By accomplishing these tasks, the Thesis aims to contribute significant insights into the

sustainable management of bioresources, inform policy, and guide industry practices towards

more sustainable outcomes.

Theses

The thesis of the doctoral research are based on two distinct dimensions.

1.

The sustainability dimension of products includes various characteristics, the metrics of

which outline the sustainability of the use of bioresources:

- parameters of the resource extraction process and logistics, which are based on the
pilot project of sea buckthorn cultivation;

- greenhouse gas emission parameter characterising the impact of bioresources on
climate change based on agriculture;

- parameter of the use of bioresources for the production of a product with high added
value, which is based on examples of the use of logging residues;



- level of use of bioresources for energy production based on the readiness of
entrepreneurs to renewable energy sources;

- an assessment of the role of investment and innovation towards the European
Union's sustainability goals.

2. The sustainability dimension of the use of bioresources can be assessed by integrating

and combining different analytical methods:

- multi-criteria analysis;

- surveys;

- experiment;

- fuzzy cognitive mapping approach;

- life cycle and life cycle cost analysis.

Hypothesis of the Thesis

Faced with the global demand for bioresources toward sustainable development targets, this
Thesis provides a multifaceted approach to evaluating the sustainability of bioresources. This
can significantly enhance their utilization in an environmentally sound, economically viable,
and socially beneficial manner. This comprehensive evaluation is crucial to identifying
sustainable alternatives that mitigate environmental impact and foster economic prosperity.

The research hypothesis of this Thesis is that the implementation of sustainable practices
with an emphasis on the cultivation, processing, and utilization of bioresources, exemplified by
the case study of sea buckthorn plantation, can lead to an important reduction in greenhouse
gas emissions, improvement in resource efficiency, and enhancement of socio-economic
benefits for communities involved.

Scientific Novelty

The scientific novelty of the Thesis research lies in its tailored approach for specific and
unique models made:

- LCA/LCCA model for a small-scale sea buckthorn plantation in Latvia, including
creation, operations, and logistics up to a retail shelf of product.

- Market prospects for bioresource-based green thermal packaging based on an
interview of Latvian stakeholders and the MCA method to quantify results.

- FCM to assess bioresources viability to the set of sustainability criteria for
implementation in Latvia.

- Market maturity for investments in RES based on AHP and interviews of large
energy consumers in Latvia.

- Parameters of farm-level GHG -calculation tool for horticulture and result
verification by local sea buckthorn farm.



Practical Significance of the Research

As aresult of the research several models based on case studies were created. Those models
can be used by stakeholders and policymakers to improve sustainable bioresource usage:
- development of a tool to assess future markets for bio-products and what criteria
shape those markets in Latvia;
- A practical tool to analyse “green” solutions from the perspective of sustainability
and feasibility, based on a case study of sea-buckthorn;
- methodology to analyse results of interviews to determine market maturity for
renewable energy sources in the Latvian case study.
Also, new and unique bioresource material — particle boards from forest residue — was
researched.

Research Framework

The sustainability of bioresource usage depends on locally available materials, impact on
climate, and technological maturity.

Of high importance is not only the usability and characteristics of each separate bioresource
but also the requirement to efficiently use other resources: energy, water, land, materials.

One of the core elements of sustainability is the impact on climate change, which is
characterised by GHG emissions in all the stages of production.

As a summary of the previously mentioned, a research framework is formed. The
framework is based on seven dimensions — two are background dimensions, and five are related
to the field of research. The framework includes two background dimensions: “as-is” and “to-
be”. Those dimensions are used during business modelling, first, describing existing conditions
and factors, while second, describing future trends or desired outcomes at some point in future.

Within time dimensions specific dimensions of sustainability are analysed:

- as-is (existing situation) analysis:

o using sea buckthorn plantation and products’ existing maintenance and
operational costs, as well as existing infrastructure and energy consumption;

o sustainable farming to verify GHG emission calculations using existing data
and parameters;

- to-be (future) analysis:

o integration of renewable energy sources in the bioproducts processing
industry, based on companies’ plans and expectations in future;

o evaluation of the future of bioresources in manufacturing of products with
high added value for products not in making now;

- the role of investment and innovation both in present and future models. For
example, sea buckthorn’s existing situation is based on actual, measured data of the
present, but possible improvements are investments at some point in the future.

A summary of the research framework visualisation is shown in Fig. 1.
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Fig. 1. Research framework.

The methodology for each of the dimensions is chosen. In the Thesis, methodologies are
used according to their relevance to data availability, and results are described in five
dimensions, as shown above.
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1. LITERATURE REVIEW

Sustainability as a keyword is mentioned in more than 31 thousand articles in the SCOPUS
database in the year 2023 alone. The literature review is organized into five sections according
to dimensions from the research framework — logistics and processing, greenhouse gas
emissions, renewable energy, the added value of materials and innovations, and investments.
This approach helps to narrow down the boundaries of literature research in accordance with
the scope of the Thesis.

The agricultural cold supply chain plays a pivotal role in ensuring the quality, safety, and
shelf-life extension of perishable agricultural products. With growing concerns over food
security, environmental sustainability, and economic viability, there is an increasing focus on
optimizing this supply chain. Investments in cold storage facilities and transportation
infrastructure have been identified as critical for improving efficiency and sustainability of the
agricultural cold supply chain [1].

Upgrading these facilities with energy-efficient technologies and renewable energy sources
not only reduces operational costs but also mitigates environmental impacts, contributing to
overall sustainability [2].

Technological advancements such as IoT-enabled monitoring systems, RFID tracking, and
predictive analytics have revolutionized cold chain management [3].

These innovations enable real-time monitoring of temperature and humidity, thereby
minimizing food losses and ensuring product quality throughout the supply chain. Moreover,
process optimization through the integration of data analytics enhances resource utilization and
reduces carbon footprint [4].

Collaborative partnerships among stakeholders, including farmers, producers, retailers, and
logistics providers, are essential for optimizing the cold supply chain [5].

By sharing resources, information, and best practices, these partnerships facilitate the
implementation of sustainable practices such as coordinated delivery schedules and
consolidation of shipments, leading to reduced emissions and waste. Government policies and
regulatory frameworks play a crucial role in shaping the sustainability of the agricultural cold
supply chain. Incentives for investment in sustainable infrastructure, subsidies for adopting
green technologies, and stringent quality standards promote environmentally friendly practices
and drive continuous improvement in the supply chain's sustainability performance.
Investments in the agricultural cold supply chain hold immense potential for enhancing its
sustainability by improving infrastructure, leveraging technological innovations, fostering
collaborative partnerships, and implementing supportive policy frameworks. Future research
should focus on evaluating the effectiveness of these investments in achieving long-term
sustainability goals and addressing emerging challenges in the dynamic agricultural landscape.

Agriculture is a significant contributor to greenhouse gas (GHG) emissions, necessitating
accurate measurement tools for mitigation strategies. Greenhouse gas calculators have emerged
as essential tools for assessing emissions in agricultural systems. This literature review aims to
explore the effectiveness of GHG calculators in agricultural contexts, highlighting their
benefits, challenges, and areas for improvement.
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Several studies have investigated the utility of GHG calculators across diverse agricultural
settings. In [6], a study on USA egg production is conducted, revealing a decrease in GHG
emissions over the years, emphasizing the importance of considering local conditions. In [7], a
comparative analysis of GHG calculators is conducted, highlighting variations in emissions
estimates due to differences in calculation methods and input parameters. Case studies and the
performance of GHG calculators emphasize the role of uncertainty in emission estimates and
recommend improved data collection and model validation. Furthermore, in [8], four alternative
low carbon scenarios for Nigeria are developed, identifying expected future trends of GHG
emission in the country.

Greenhouse gas calculators offer valuable tools for assessing emissions in agricultural
systems, aiding in the formulation of sustainable practices. However, challenges such as
variability in estimates, uncertainty, and the need for localized calibration persist. Future
research should focus on standardizing methodologies, improving model accuracy, and
enhancing data collection to ensure effective GHG assessment in agricultural contexts.

The agricultural sector is increasingly turning towards renewable energy sources to mitigate
environmental impacts, reduce operational costs, and enhance sustainability. This literature
review examines the investment perspectives surrounding the adoption of renewable energy
technologies in agriculture, elucidating key considerations, benefits, and challenges.

Several studies have explored the financial implications of transitioning to renewable
energy sources in agriculture. In [9], a cost-benefit analysis of renewable energy adoption on
farms is conducted, highlighting significant long-term savings despite initial investment costs.
The authors emphasize the importance of government incentives and financing options in
facilitating adoption.

Similarly, in [10], the economic feasibility of wind and energy integration in agricultural
greenhouses is investigated, emphasizing the potential for revenue diversification and risk
management through energy production. However, the authors note challenges related to
intermittency and alternative sources in case of unfavourable climate conditions.

Moreover, in [11], the investment attractiveness of bioenergy production in agriculture is
conducted, considering factors such as feedstock availability, technology maturity, and market
demand. The study highlighted the importance of comprehensive feasibility assessments and
risk management strategies for successful implementation. Furthermore, in [12], the financial
viability of biogas generation from agricultural waste is analysed, emphasizing the role of
government policies and carbon markets in incentivizing investment. The authors underscore
the potential for revenue generation, waste management, and environmental benefits.
Biomethanation and pyrolysis technologies may be economically and environmentally
competitive over natural gas, but still more advanced LCA models are to be made.

Renewable energy adoption in agriculture presents compelling investment opportunities,
offering long-term cost savings, revenue diversification, and environmental sustainability.
However, challenges such as upfront costs, technology integration, and policy support remain
significant barriers. Future research should focus on developing innovative financing
mechanisms, improving technology efficiency, and enhancing policy frameworks to accelerate
the transition towards renewable energy in agriculture.

12



In recent years, there has been growing interest in utilizing bioresource materials in
agriculture to enhance productivity, sustainability, and economic viability. The literature review
aims to explore the added value of bioresource materials in agricultural practices, highlighting
their diverse applications, benefits, and implications.

Numerous studies have investigated the potential of bioresource materials to add value to
agricultural systems. In [13], the use of biochar, a carbon-rich material derived from biomass,
in soil amendment is examined. The study demonstrated the ability of biochar to improve soil
fertility, water retention, and crop productivity, thereby enhancing agricultural sustainability.

Similarly, in [14], the utilization of agricultural residues, such as crop residues and animal
manure, for biogas production is explored. The authors highlight the dual benefits of bioenergy
generation and waste management, emphasizing the potential for renewable energy integration
in agricultural operations. Furthermore, in [15], the application of agricultural by-products,
such as crop residues and agro-industrial wastes, in the production of bio-based materials is
investigated. The study showcases the potential of bio-based materials for diverse applications,
including the manufacturing of biofuels, enzymes, vitamins, antioxidants, animal feed, and
antibiotics, thereby promoting circular economy principles in agriculture. Moreover, the
authors of [16] examin the use of biofertilizers derived from microbial inoculants in agricultural
practices. They demonstrate the ability of biofertilizers to enhance nutrient uptake, soil health,
and crop yield, offering a sustainable alternative to chemical fertilizers.

Bioresource materials offer significant added value to agriculture by enhancing soil fertility,
promoting waste management, enabling renewable energy production, and facilitating the
development of bio-based products. However, challenges such as scalability, technology
adoption, and market penetration remain. Future research should focus on optimizing
bioresource utilization pathways, improving technology efficiency, and fostering stakeholder
engagement to realize the full potential of bioresource materials in agriculture.

The pursuit of sustainable agriculture necessitates strategic decision-making processes to
guide innovations and investments towards environmentally friendly, economically viable, and
socially equitable practices. This literature review delves into the complex landscape of
decision-making frameworks utilized in the context of sustainable agriculture, exploring key
factors, challenges, and emerging trends.

Several studies have examined decision-making processes related to innovations and
investments in sustainable agriculture. In [17], the authors emphasize the importance of
participatory approaches that involve stakeholders at various levels to ensure the relevance and
acceptance of sustainable agricultural practices. The study underscores the role of farmer
knowledge, local contexts, and socio-economic factors in shaping decision-making processes.

Furthermore, the authors of [18] highlight the need for holistic assessments that consider
multiple dimensions of sustainability, including environmental, economic, and social aspects.
They advocate for integrated decision-making frameworks that prioritize synergies and trade-
offs among different sustainability goals. Moreover, the authors of [19] examine the role of
technology adoption and innovation in driving sustainability transitions in agriculture. The
study emphasizes the importance of risk management strategies, information dissemination,
and incentive mechanisms to encourage the adoption of sustainable technologies. Policymakers
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and stakeholders must prioritize the adoption of advanced technologies to promote sustainable
agriculture, bolster resilience, and mitigate the adverse impacts of greenhouse gas emissions.

Additionally, in [20], the authors investigate the economics of sustainable agriculture
decision-making, emphasizing the complexities of balancing environmental stewardship with
economic profitability. Integrating mathematical model-based decision-making in the current
land use planning and agricultural decision-making will significantly improve the efficiency of
agricultural production and contribute to achieving the goal of increasing profitability in the
face of climate change.

Decision-making for innovations and investments in sustainable agriculture requires a
multifaceted approach that integrates stakeholder engagement, holistic assessments, technology
adoption, and economic considerations. Future research should focus on developing decision
support tools, fostering stakeholder collaboration, and enhancing policy frameworks to
accelerate the transition towards sustainable agricultural systems.

Sustainable investments are important not only for the environment but also for socio-
economic development. Investment in sustainable projects can create jobs, improve livelihoods,
and reduce poverty rates. By investing in green technologies, businesses can also benefit from
lower production costs while reducing their environmental footprint [21]. This can result in
greater economic growth over time as well as improved health and well-being for local
communities [22].

2. METHODOLOGY

A proper methodology in Thesis is crucial as it provides a clear and detailed plan of how
the research has been conducted, enhancing the reproducibility of the study. It allows for the
validation of the results, as others can follow the same procedures to arrive at similar
conclusions. A well-defined methodology also increases the credibility of the research,
demonstrating that the findings are not based on mere speculation but on systematic and
rigorous investigation. Lastly, it contributes to the transparency of the research process,
enabling reviewers and readers to understand and evaluate the soundness of the research design
and execution.

2.1. Survey

In Publication 2, a survey was conducted to identify which RES are most viable when
mutually compared and determine the RES with the highest potential among Latvian
companies. The target group of the survey is manufacturing enterprises. The survey was
prepared using the online software “Typeform” and sent out to 2000 manufacturing enterprises
consuming 500 MWh or more of electricity annually. As the only criteria were energy
consumption, companies represent various industries. The survey is based on the following
questions:

1. Are renewable energy technologies used in your company?

2. Specify which RES is/are used.
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3. What limits the use of RES?

4. What would facilitate the use of RES?

5. Which three RES technologies could have the most potential in your company?

6. What is the approximate monthly electricity consumption of your company?

7. Is energy consumption one of the top three cost positions in your company?

8. Would you be interested in the results of this survey and learning more about RES
technologies?

When summarizing the result of Question 5, in order to take into account whether the
technology is indicated as the first, second or third priority, coefficients have been selected that
are multiplied by the number of respondents who have indicated the specific RES technology
at the respective priority level. This coefficient for the first priority is 3, for the second priority
— 2 and for the third priority — 1. The incidence of each RES technology is calculated using Eq.
(2.1):

3+p,2+ps-1
Rpgs = M. 100, (2.1)
n=1P13+P22+p3-1

where
Rres — incidence of specific RES technology among respondents, %;
p1, p2, p3 —number of respondents per priority who indicated RES technology as first
priority (p1), second priority (p2), and third priority (p3);
n —number of total RES technologies considered.

Another survey was used to determine optimal thermal packaging. Initial criteria for thermal
packaging comparison were identified in open interviews with representatives of companies
working in the pharmaceutical and fine chemicals and logistics field. By allowing
representatives to answer open questions like “How is thermal packaging chosen?”, criteria and
their indicators were elucidated. In many cases, it became clear that the industry is not using
numerical indicators for each criterion. The analysed product data sheets contained information
based on performance, for example, hours held in temperatures below +8 °C [23], [24], [25].

Indicators like thermal conductivity and density were found in the scientific literature on
corresponding materials [26], [27], [28].

2.2. Pairwise comparison

After survey the importance of 12 criteria was compared in pairwise fashion. As it is nearly
impossible for humans to the reciprocal relationships of 12 criteria simultaneously, the method
for pair analysis was chosen. Using this approach, experts were asked to compare only two
criteria at a time; each expert did a total of 66 comparisons. The comparison was done verbally,
as suggested by Saaty et al. 2010 [29].

Further, it was determined whether one criterion is equally important as the other, less
important, or more important. After verbal comparison, numerical values were assigned to each
compared pair using a scale of 1 to 9. In the chosen scale, 9 signifyied very high importance, 6
strong to very strong importance, 3 moderate importance, and 1 equal importance [30].
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Overall, 10 questionnaires were disseminated among the identified pharmaceutical and fine
chemical industry enterprises in Latvia, including large companies like Grindex and Olainfarm.
It was expected that the approached companies were heavily impacted by the global pandemic;
only five responded, and three were eligible to questions as companies made their own
decisions regarding temperature-sensitive product logistics. Two companies outsourced this
service, hence they were unsuitable for multi-criteria analysis and criteria comparison. The
chosen companies assigned the questionnaire to logistics team experts within the company.
Mathematically, all the chosen criteria are plotted on a matrix, and by solving them, eigenvalues
can be found. These values, also called eigenvectors, represent the importance of each criterion
— a higher value means higher importance in the final decision. Indicative eigenvalues were
calculated in Microsoft Excel [31] and used for further analysis. A consistency threshold of 0.2
was used, as done before [32] when multiple stakeholders were surveyed.

2.3. Experiment

As described in Publication 6, to create a new biomaterial, an experiment was conducted to
make a bio-based chipboard. The biomass comprised logging residues primarily derived from
Picea abies and Pinus sylvestris, including small branches and needles. It is important to note
that the composition of wood chips varied based on factors such as the specific location, the
environmental conditions during the chipping process, and the relative proportions of wood
biomass.

After the chips were crushed in the custom-made horizontal-axis chipper, the chips were
placed in a "Vibrotehnik PM-120" laboratory-size hammer mill with an integrated metal screen.
The crushed particles were sieved using a Retsch AS-400 sieve shaker and metal sieves with
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Fig. 2.1. Workflow for particle separation.
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Workflow for particle separation:

(A) horizontal 2-axis mill followed by hammer mill, particle mixing with binder and
pressing;

(B) horizontal 2-axis mill followed by a sieve for particle separation, mixing, and pressing;



(C) horizontal 2-axis mill followed by a sieve for particle separation, particle > 1 mm milled
with hammer mill, mixing, and pressing.

The separation approach allowed to assess the bark and other fine particle impact on board
durability. Particle fractions of < 2.8 mm, 2.8—-8 mm, and 8.0-10.0 were used to determine the
fine-logging residue particle impact on board mechanical properties.

Each composition and parameter were replicated at least two times and achieved boards
sawn in three equal parts for MoR testing and density calculations, resulting in at least six
repetitions.

2.4. Multiple-criteria decision analysis

Multiple-criteria decision analysis (MCDA) includes the following steps: target definition,
definition of alternatives, selection of criteria, determination of their weight, and evaluation of
alternatives. There are several variations of MCDA.

In Analytic Hierarchy Process (AHP) four main criteria are used for alternative evaluation:
technical criteria, economic criteria, environmental criteria, and social criteria — these are the
criteria that characterize a decision based on the principles of sustainable development.

The first step in calculating the of criteria weights is the pairwise comparison. The nine-
integer value scale was initially suggested by Saaty [33].

Each criterion is compared to all other criteria forming the comparison matrix. In order to
determine the ranks of criteria, the next step is solving the eigenvector problem. The next step
is the calculation of eigenvectors of each matrix row — values in each row are summed and
divided by the number of criteria. The eigenvectors give the ranking (weight) of the criteria
[35].

TOPSIS methodology

The TOPSIS methodology is useful because it requires only a few indicators, while
providing comparable data to draw conclusions. There is only one parameter, which is
subjective: the relative weight of each criterion.

The basic assumption of TOPSIS methodology is that the most preferred solution is one
with the shortest distance to the desirable result and further distance from the result to be
avoided.

TOPSIS methodology is based on five calculation steps. The first step gathers a data set of
indicators for each scenario. In the second step, normalization of indicators is performed. In
the next step, normalized values are weighted, and their proximity to desirable and avoidable
results is calculated. The final step calculates the proximity by ratio of these distances [36].

The mathematical description of the steps is described further. Step one gathers data from
n alternatives a with chosen m criteria i in decision matrix X, where i =1,...,manda=1,... n.
The data is being normalized so that various units used are comparable. Distributive
normalization, used for the Thesis uses Eq. (2.2) [36].

17



Tiq=——2— fora=1,..,nandi=1,..,m 2.2)
JZa=12%,
For the second step, the weight of each criterion is taken into account using Eq. (2.3).
Vai = Wi " 1y (2.3)
In the next step, the results from the previous step will be used to compare each action to
an ideal (zenith) and anti-ideal (or nadir or negative ideal) virtual action (Ishizaka, 2013). To
perform the comparison, Eqgs. (2.4) and (2.5) are used for zenith and nadir options.
At = (vf, ..., vh), 2.4
A = (v{, s, V), (2.5)
From the results, v;" is maxa(va) if criterion i is to be maximized and v; is ming(va) if
criterion i is to be minimized.
It is by the performer to determine which are have positive value and which have negative

value.
The fourth step calculates the distance to the preferred result (Eq.2.6).

df =2 —ve)?ta=1,....m (2.6)
Finally, the relative proximity coefficient is calculated (Eq. 2.7).

da
Ca = dr+d;’
a a

2.7)

Obtained results show the most preferable scenario with a list desirable in numerical
ranking.

TOPSIS has been used in Publication 2 for the evaluation of different energy generation
technologies [37].

The aim of the TOPSIS analysis in Publication 2 is to compare RES technologies in order
to find the technology that performs the best in terms of the criteria set. For the evaluation, six
alternatives were selected: biomass technologies, solar PV panels, solar thermal technologies,
technologies that use renewable parts of waste as an energy source, wind technologies, and
geothermal technologies.

Technologies were assessed based on four criteria: technical, economic, social, and
environmental. The technical aspect includes the level of technological development, also
known as technology maturity, which characterizes how advanced the technology is, i.e.,
whether there is potential for efficiency gains or whether the theoretical maximum level of
technological productivity has already been reached [38].

The technical aspect also includes the feasibility of innovation, process efficiency, and
energy quality, which often is expressed as reliability, which describes the ability of technology
to work continuously and independently without unforeseen damage, interruptions, and
additional monitoring. Reliability is one of the most commonly used criterion in the multi-
criteria analysis and has always been a topical issue in the energy sector [39].

The first step using the TOPSIS method is normalizing the decision matrix, followed by
calculating the normalized decision matrix and determining the best and worst solution. The
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best solution corresponds to a theoretical option of the most desirable level of each criterion,
while the worst solution corresponds to a theoretical option of the least desirable level of each
criterion [40].

After that, the distance of each alternative from the best and worst solution is calculated in
order to obtain the closeness coefficient, which is used for the ranking of alternatives.

2.5. Fuzzy cognitive map

System dynamics is a computerized approach to comprehending the activity and behaviour
of complex systems, such as cities, climate, and ecosystems, for policy analysis and
development, which was originally developed by Jay W. Forester. System dynamics is related
to how things change over time [41].

Analysis of qualitative systems or qualitative modelling is increasingly used to analyse the
dynamics of complex systems. Kosko [42] introduced fuzzy cognitive maps (FCM) as a tool
for dynamic qualitative system behaviour perception and explanation. FCM is increasingly
being used to model and analyse the behaviour of qualitative systems. Over the past 30 years,
this fuzzy cognitive mapping (FCM) approach has become increasingly popular due to the
simplicity of design and low computing requirements.

In general, it is considered that FCM has several advantages over traditional quantitative
modelling approaches. These advantages include, for example, the ability to model data in
limited environments using natural language, expressing knowledge, perception, experience or
beliefs, as formulated by an expert or stakeholder, usually characterized by ambiguous
information.

FCM consists of concepts (linguistic terms) that are expressed by nodes. Directed arrows
with scales explain the relations between concepts. These weights describe the strength of
causality with ({-1.0} and {0.1}), which, respectively, denote the decrease and increase of
causality. Concepts and their reciprocity are depicted by nodes and directed arrows with their
weights explaining the layout of a particular system. It is depicted in a matrix that allows to
perform standard algebraic operations to find relations between nodes. The FCMs that were
introduced by Kosko are simulated using a mathematical formula expressed in Eq. (2.8).

C(t+1)= f(z:';l_wij - Ci(1)), (2.8)

i#j

where 7 is the number of concepts, and Cj(z + 1) is the value of the concept in the next iteration.
Ci(?) is the value of the concept during the iteration #, and wy is the weight of the reciprocity
between cause and effect. Then it is mapped on a predetermined universe in discourse using
transformation functions. It is then mapped to a predetermined universe in discourse using
transformational functions, the most common are the achievements of the sigmoid and
hyperbolic transformation function FCM in relation to modelling and simulation.

Ideally, when modelling a complex qualitative SD, it should have FCM and be able to
capture and model causal dynamics, as experts believe.

The methodology was used for the evaluation of bioproducts. FCM modelling method was
used in the study to compare different production process methods, to understand which of them
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best meets the sustainability criteria, and to identify potential barriers to obtaining reliable and
objective results while using the FCM method and whether the use of this type of integrated
analysis is appropriate to compare the different production process alternatives that were looked
at in the study. FCM modelling requires a sequential set of activities that will ensure that the
research objective is achieved in a transparent and understandable way to analyse 16
manufacturing processes.
In order to compare all the described production processes, it is necessary to define the most

important criteria. The following criteria were selected when evaluating the priority criteria:

1) environment aspects;

2) technological aspects;

3) economic aspects;

4) social aspects.

Enviromental
aspects

Economic aspects

Social aspects

Technological
aspects

Accesibility of resources

Innovations

Number of new work places

Degree of techonological
complexity

Waste reduction

Costs of exploitation

Behaviour of society

Auvailability of technological
equipment

Decreasement of the impact

Payback time

Social risk reduction

Used area for technology

on climate change

Production capacity of the

Emissions reduction Usefulness Noise level : )
technological solution

Fig. 2.2. Aspects of evaluation criteria.

Considering the limitations of the information availability, sustainability, and usefulness
indicators from the point of view of bioeconomy have been selected for modelling.

All selected criteria and sub-criteria are qualitative, so they should be assigned numerical
values based on the analysis of the production processes performed in the study.

Each sub-criterion will be assessed with a value from —1 to 1, where the strongest link will
be donated by 1, and it will denote the best, strongest possible link from the point of view of
bioeconomy and usefulness. The rating link “1”,that was obtained in the sub-criterion, is
comparable to the highest implementation efficiency. Whereas the lowest rating “—1”" indicates
the weakest link or result from the point of view on bioeconomy and usefulness.

2.6. Life Cycle Assessment

During the research, actual, real-life examples and models were analysed using the Life
Cycle Assessment (LCA) methodology, including basic metrics for systems and options on
merging of results.

To prove the hypothesis and establish major principles, Life Cycle assessment (LCA)
approach will be used. The foundations of methodology dates to the 1980s. The overall
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principles and structure of this methodology were set in ISO 14040 standard in 1997. However,
other LCA practises exist, like the CML, EDIP97 and ILCD guidelines from the European
Union (EU) Commission.

LCA framework comprises four distinguished parts: definition of goal and scope, inventory
analysis, impact assessment, and data interpretation.

The study is performed by determining and defining process flow within the defined system
boundaries, developing data collection methodology, collecting relevant data, and reporting the
results. The life cycle inventory is the outcome of this phase.

Table 2.1

Inventory of Cultivation of Functional Unit

Materials and Unit Quantity diesel, water, L kWh Total gnt. in 31 Per 1000 kg

activity kg year frozen berries
Field preparation — year 0

Land use m’ 10000 10000.00 3377.24

Ploughing set 1 24.9 24.90 8.41

Disc  set 1 6.225 6.23 2.10
cultivation

Drag set 1 7.055 7.06 2.38
harrowing

Green manure set 1 6.64 6.64 2.242
sewing

Green manure set 1 7.055 7.06 2.383
harrowing

Field establishment — year 1 to 3
NPK 15:8:15  set 1 70

N 10.5 31.50 10.638

P 5.6 16.80 5.674

K 10.5 31.50 10.638

Fertilizer: set 1 20 60.00 20.263
ammonium
nitrate

Irrigation set 5 1.5 22.50 7.599
energy

Irrigation set 5 6250 93750.00 31661.60
water

Mowing set 2 6.225 37.35 12.61
between lines

Geotextile m? 2500 2500.00 844.309

Irrigation m 2500 2500.00 844.309
system (pipes,
PVC, d16)

Maintenance: years 4 to 30
NPK 8:11:23  set 1 250
N 20 540.00 182.371
P 27.5 742.50 250.760
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K 57.5 1552.50 524316

Ammonium set 1 20 540.00 182.371
nitrate

Mowing set 2 6.225 336.15 113.526
between lines

Irrigation set 5 1.5 202.50 68.389
energy

Irrigation set 5 6250 843750.00 284954.407
water

Harvesting: years 4 to 30

Tractor set 1 12.45 336.15 3.66

Impact assessment evaluates the product system’s impact on the environment by using
environmental science models. The use of LCA is essential to evaluating the overall impact,
avoiding a shift of environmental burden and the effect of energy efficiency measures across
the entire cold chain.

The LCA software SimaPro 9.0 by Pré Consultants and Ecolnvent v.3.5 were used to
generate the LCA model and undertake the impact assessment calculations. SimaPro is the
world’s leading LCA software package, with 30 years of experience and history. It is mainly
used by industry and academics in more than 80 countries.

2.7. Life Cycle Cost Analysis

The concept of a Life Cycle Cost Analysis (LCCA) is widely used to analyse and evaluate
various project alternatives. The main task of LCC is to find out project profitability over its
life span, including obtaining project assets and ending with disposal. LCC is used as a tool to
support the decision-making process. The Life Cycle Costing approach was born a few decades
ago, in 1965 in the USA, when the United States Logistics Management Institute used the term
of “life cycle costing” while seeking lower costs in military logistics as a result of economic
stagnation [43].

The current literature and publications on LCC are filled with examples of application of
this approach in various aspects of investments, starting with construction projects and ending
with an analysis of investment in environmental activities [44].

In addition, LCC is also accepted in the European Union (EU) legislative process, for
example, public procurement under EU law. Directive 2014/24/EU promotes use of Life Cycle
Costing approach in public procurement to detect the most economically advantageous tender
in order to support sustainable growth. Life Cycle Costing Analysis approach is widely used
due to many advantages while comprising some disadvantages or constraints.

LCC is purely based on a cost efficiency approach and is data-driven. Therefore it requires
a detailed estimation or inventory of the overall costs and benefits of a project studied. Any
project comprises countless cost positions. In general, any project has four life cycle phases
(see Fig. 2.3).
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According to theory, the first is the development phase, which includes all costs related to
research, planning, obtaining property, and design. The second is the construction phase, which
comprises all costs associated with establishing facilities. Next is the operation phase, where
operational, maintenance, and repair costs are to be identified.

Life Cycle Costs
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management

Fig. 2.3. Common Life Cycle Cost structure of a project [45].

The final phase includes all the costs related to the maintenance values of the project, which
can be positive or negative. LCC inventory should be carried out for investment costs, both
initial and capital replacement, operating, maintenance and repair costs, and residual costs.

The basic metric of LCC is Net Present Value (NPV). The NPV method is the present value
of the total income created by the project during its expected lifetime. In essence, that is a
comparison of the present value of all income and expenses within project.

The NPV method is based on the discounting of cash flow. The discount rate is “the rate of
interest, reflecting the investor’s time value of money (or opportunity cost), that is used in a
discount formula or to select discount factors which in turn are used to convert (discount) cash
flows to a common time” [46].

In the NPV calculation, each cash flow element is discounted based on the cost of capital
in the given project. The discounted cash flow elements are aggregated so that they can be
calculated, and NPV must be greater than zero for a successful project. The NPV is then
compared with an alternative project.

In Eq. (2.9), the discount rate is used to express the discount factor, which in turn is used as
discounting multiplicator.

_ 1
(a+rm

(2.9)

where DF is a discount factor, 7 is the discount rate, and # is the number of years ahead.

23



The discount factor is a multiplicative value used to convert cash flow (inflow less outflow)
over time to comparable values at a chosen point in time [46].

In practice, it is usually assumed that the discount rate is constant over time (r1 = 12 = 1n).
With a time-invariant discount rate NPV value of cash flows (including initial investment) can
be obtained by using general Eq. (2.10).

CF, CFy CFy

NPV =-K + (1+r) (1+7)2 + (1+1)3 +e a+m

(2.10)

where NPV is the net present value, K is an initial investment in the base year, r is the discount
rate, CF is cash flow, and 7 is the number of years ahead.

Cash flow discounting is commonly conducted in terms of “constant dollars” or a constant
value of money [46].

When choosing a discount rate, it is advisable to increase the interval as much as possible.
Accurate IRR calculation is only possible with the help of a computer.

Life Cycle Costing (LCC) is an economic analysis and is considered the basic element of
LCCA. In [43], it is defined as “the process of economic analysis to assess the life cycle cost of
a product, service or system over its proposed lifetime or a portion of thereof”” while taking into
account different alternatives and the time value of money in order to select the most cost-
effective solution of the project (Fig. 2.4).
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Fig. 2.4. LCCA framework [46].

To be able to merge both LCA and LCC, there are some crucial aspects to be taken into
account. The most challenging is to draw system boundaries so that both systems can be inter-
compared. It is related to the fact that LCA is not considering, for example, labour intensity and
activities in its costs; however it is important in the total project cost side, analysed by LCC.
Change in labour costs due to the fact that LCC is affected by values like profit, work-created
costs, etc., which do not have an impact on the LCA model. It is recommended to use the same
functional unit when combining LCA and LCC, and also the same system boundaries.
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Inventory of Life Cycle Costs

Table 2.2

Acquisition
Overgrown land 20000 purchase price 2000
EUR/ha
Construction
Seedlings 12500 1250 EUR/ha, two-
year-old, four
varieties, developed
from cuttings
Labour 2000 salaries for workers
to plant seedlings
Geotextile 8000 800 EUR/ha, 110
g/m?, 105 cm wide,
rolls
Irrigation system 15000 1500 EUR/ha,
delivery and
assembly included
Land improvement 1500 services for land
improvement
Operation and maintenance
Labour 5000 seasonal workers to
pick up berries
Annual debt payment 1536 fixed total costs for a
bank loan
Transportation of raw material 500 seasons total for ten
days rent, 50
EUR/day
Processing 2000 total for freezing,
cleaning and
packaging
Cold storing 816 12 EUR/ton per
month
Cold logistics 1300 seasons total for
twenty days of rent,
65 EUR/day
Fuels 500 fuels for tractors and
rented vehicles
Fertilizers 2430 fertilizers for plants
according to the
schedule
Operational costs 1000 various costs,
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Meanwhile, each separate model system boundary can present some differences when
performing analysis accordingly [47].

According to [47], the suggestion is to define cut-off assumptions for both systems, to
correctly address them while defining goals and scope.

By applying LCA and LCC methodology, various indicators were obtained. To properly
assess them, multicriteria analysis is necessary. For research purposes, the Technique for Order
of Preference by Similarity to the Ideal Solution (TOPSIS) was used.

3. RESULTS

The research subject has many levels, differing in scope and approach. During the research,
several specific dimensions of sustainability in products were chosen for analysis.

3.1. Logistics and processing

Modern economy cannot be imagined without logistics, and it is impacting every level of
entrepreneurship. During research, cold chain logistics were analysed from the perspective of
logistics impact on the whole chain through LCA (Publication 1).

In Publication 1, all the relevant data was collected to perform an analysis of logistics in the
case study — the sea buckthorn supply chain — and the LCA model was created. The main
contributors of the base scenario to the total aggregated environmental impacts of the sea-
buckthorn project with mass allocation logistic stage are depicted in Fig. 3.1.
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Fig. 3.1. Impact aggregation by SimaPro of the base scenario.

Processing, as can be seen, has the main impact. Logistics and transportation create less
impact than cultivation and stocking due to rather short delivery distance and energy-intense
processing. During research, the base model was compared to energy efficiency improvement
options — warehouse insulation and change of engine of transportation vehicle from EURO 4
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to EURO 6 standard without other changes in inventory. Results of simulations show that total
environmental impact per functional unit varies by less than 1 %.
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Fig. 3.2. Scenario comparison, total endpoints.

Accordingly, midpoint analysis also shows that differences in each result of simulation vary
little. Nevertheless, it should be considered that for each subprocess of the whole model,
differences can reach bigger proportions (Fig. 3.3).
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Fig. 3.3. Midpoint analysis of three scenarios

Midpoint analysis permits to see the main categories of environmental impact from the
modelled situation.

3.2. Renewable energy sources

Publication 2 evaluates renewable energy technologies (RES) using a combination of AHP
and TOPSIS methods and technical, economic, environmental, and social criteria. To indicate
the needs, potential barriers, and position of enterprises on renewable energy, an enterprise
survey was conducted. The survey results from 146 enterprises were compiled and analysed
only in aggregate form.

Aggregated results show that according to respondents’ answers, the top three RES
technologies for which they see the highest potential in enterprises are solar energy for
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electricity, solar energy for heat energy, and biomass technologies. Figure 3.4 shows the
rankings of all RES technologies.

35.2 % B Solar energy (for electricity)
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Fig. 3.4. Ranking of RES technologies according to enterprise survey results.

In the authors’ view, the result which ranks these three technologies as the technologies
with the highest potential in view of enterprises can be linked to a better understanding of
technologies.

In the TOPSIS analysis, six RES technologies were evaluated using a scale from 2 to 5,
where 2 corresponds to the lowest score and 5 to the highest score and the potential of the use
of renewable energy in industrial enterprises. Table 3.1 compiles the evaluation values in a

decision-making matrix.

Table 3.1
TOPSIS Decision-Making Matrix
Aspect
RES technology N N N .
Technical Economic Social Environmental

Biomass 4 3 4 5
Solar PV panels 5 4 5 4
Solar thermal 4 3 5 4
Waste 3 4 4 4
Wind 3 3 5 4
Geothermal 3 3 4 4

The result of the TOPSIS analysis is shown in Fig. 3.5.
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Fig. 3.5. TOPSIS analysis results — the ranking of RES technologies.

3.3. Greenhouse gas emissions

During the research on cold supply chain (Publication 1), the environmental impact of
different supply chain lengths was analysed. A starting model with a rather short cold supply
chain was used, only 60 km long. For research purposes, the distance of 120 km and 240 km
was analysed. Distances are practically used in Latvia, and represent, for example, delivery
from Riga to Liepaja. Analysis of impact and its relation to distance was carried out. As seen
in Fig. 3.6, the relation is linear. In the Figure, the starting point is the base model because there
was a decision not to analyse a system with an even shorter path than 60 km.
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Fig. 3.6. Impact and distance correlation.

Figure 3.6 also helps to understand the dynamics of distance impact on the international
cold supply chain. Even within the EU, where distances are not so great compared with the
world, delivery of a couple of thousand kilometres significantly increases the role of cold
supply. As seen in Fig. 3.7, even with the delivery of 240 km, cold chain transportation has a
major impact.
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Fig. 3.7. Impact aggregation for a 240 km cold chain.

During the research in Publication 5, a systematic review and bibliographic analysis were
conducted, and different Decision Support Tools, including calculators used for an impact
assessment of the agricultural sector, were investigated. The need to access and monitor the
environmental impacts of agriculture practices and services has resulted in the development of
numerous GHG calculators.

The results of the TOPSIS analysis allowed the identification of the three most advisable
decision-making tools for horticultural farmers. The results of the TOPSIS analysis are shown
in Fig. 3.8.
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Fig. 3.8. Comparison of ratings of GHG emission calculators.

The results show that the Solagro Carbon Calculator, The Farm Carbon Calculator, and
Cool Farm have a higher rating and are recommended in the first place as GHG calculators for
farmers.

3.4. Materials and added value

In Publication 3, bio-based thermal packaging is analysed. To address the environmental
issues regarding cold chain and logistics overall, green logistics approach has been
implemented. Green logistics deals with reducing the negative aspects of goods transportation
like noise, air pollution, greenhouse gas emissions, accidents resulting in wastage, and so on
[48].

In many companies, the necessity for temperature-sensitive product transportation is so rare
that it is outsourced, leaving the decision-making regarding packaging, vehicles, and the rest of
logistics in the hands of another company [49].

According to Lammgard and Andersson, around 70 % of companies claim that the
environmental aspect is important when outsourcing the transportation service for their goods
[50].

The results of weighing are shown in Fig. 3.9.
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Fig. 3.9. Weighed criteria in ascending order regarding their importance.

Using previously determined weights, the following thermal insulation materials were
compared: non-woven feathers, non-woven wool, starch foam, mycelium, and polystyrene (Fig.
3.10).
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Fig. 3.10. Technique for order of preference by similarity to ideal solution ranking of thermal
packaging materials. Y-axis represents the proximity to ideal solution 1.

Among the thermal packaging options, the closest proximity to ideal solution (represented
by 1 on Y-axis in Fig. 3.10) by applying TOPSIS method was assigned to non-woven wool,
followed by feathers and polystyrene; the lowest rank was assigned to starch foam, and
mycelium was second-to-last in the ranking.

Publication 6 also looks into added value in bioresources. This research delves into the
potential transformation of wood chipboard into a 100 % bio-based product. Previous research
has shown the possibility of the partial replacement of petrochemical-based adhesives with bio-



based adhesives. Hence, previous results do not reach the policy ambitions of the Green Deal
of making the Green Transition to a bio-based economy.

The strength results of the boards whose wood particles were obtained were analysed. Initial
durability results for three particle-size boards are depicted in Fig. 3.11. The highest strength
was obtained for the plates with a particle size of 2.8 mm, and the highest inconsistency was
detected under high-pressure board preparation for medium particle size boards. The boards
prepared from the 8.0—-10.0 size fraction were generally less durable than the rest, but as seen
from the statistical analysis, the difference between MoR of 2.8-8.0 and 8.0-10.0 particle size
boards in 660 bar pressure was not significant (P = 0.27).

The calculated standard deviations are depicted in graphs, and a confidence value of 95 %
(P-value < 0.05) was used in the analysis.
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Fig. 3.11. Modulus of rupture depending on pressure and the particle size.

There was no significant impact of the chosen pressure extremes on board durability
(P = 0.43) for the < 2.8 mm particle boards. The boards produced by applying 590 bar pressure
showed significantly higher durability compared to 390 bar (P = 0.002) and 660 bar (P =0.01)
pressures.

3.5. Innovations and investments

In Publication 4, the added value of bioeconomy products is analysed. Although it is
established in European Union Directive 2008/98/ EK (European Parliament and Council,
2008) that production by-products are not classified as waste, in establishments, they are often
considered as one and sent to waste streams or low-value streams, such as production of biogas
or solid fuels [51].
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Development of a bioeconomy based on skills, innovation, and investment in knowledge is
inevitably required to achieve a large part of the set goals [52].

A total of 16 different production processes have been selected based on significant
improvements to an existing production process: process optimization, reduction of residues,
full use of added value of emissions or other production process residues, or reduction of
electricity consumption and progress towards cleaner production.

In total, sixteen production processes were analysed using Fuzzy Cognitive Mapping. It
was concluded that all sixteen production processes correspond to high bioeconomy efficiency
towards the goals of the Green Deal.

Table 3.2

Usefulness of the Production Process

Citric acid production 0.97
Synthesis of silver nanoparticles 0.96
Manufacture of composite materials 0.98
Nanocellulose production 0.92
Manufacture of toiletry from whey 0.97
Xylan production 0.92
Polykactide production 0.97
Manufacture of natural nettle fibres 0.29
Biodiesel production 0.73
Production of Dendrolight cellular material 0.98
Pellet production 0.83
Bioethylene production 0.68
Cellulose production 0.94
Tannin-based foam production 0.90
Coniferous extract production 0.96
Lignin production 0.83

Considering the objectives of the study, the obtained results are reliable and objectively
reflect the validity of the FCM method. This type of integrated analysis is appropriate to
compare the various alternative production processes considered in the work for obtaining the
best added value for bioresources.

CONCLUSIONS

Each sustainability dimension, according to the research framework, unlocks new
bioresource usage criteria and opportunities. Conclusions are arranged according to the research
framework.

Tailored life cycle inventory for both economic and environmental feasibility assessment
using primary data sources from actual agricultural practices used in the Latvian context (and
extendable to Northern Europe) together with in-depth data inventory from each actor involved
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in the cold supply chain of frozen sea-buckthorn berries was made. This ensures a specific and
accurate data collection for the definition of the proposed supply chain. Within the methodology
developed by merging LCC and LCA, it is possible to evaluate the overall feasibility of the cold
chain. The results show that the main environmental hot spots have been identified in
connection to climate change and the use of resources in the processing and stocking of
production, providing important suggestions about potential improving scenarios.

Considering that the total installed solar energy capacity currently installed in Latvia is
growing, the result, which, both after multi-criteria decision analysis and in the opinion of
enterprises, puts solar PV as a priority technology, is favourable for support policy
development. RES can and will play a significant role in the sustainable usage of bioresources.

With increased focus on sustainable agriculture and sustainable development in a sector,
farm-level evaluation of GHG emissions is essential to ensure sustainable usage of
bioresources. Specific GHG tools make it possible to perform calculations without a specific
background on the subject.

The production usefulness of 16 chosen bioproducts shows that the most efficient and
effective production process is the production of composite materials. This result is justified by
the availability of raw materials for composite materials, which are mainly by-products of other
production processes: low-quality wood residues and recycled plastics.

For sustainable development, bioresources must substitute or completely exclude fossil-
based solutions. With today's climate objectives, it is crucial to completely rethink construction
and housing approaches by completely excluding fossil carbon from the market. Therefore, the
scientific community and industry need to find working alternatives.

Research shows that thermal packaging made from expanded polystyrene is not the most
preferable choice compared to some environmentally sustainable thermal packaging options.
Two bioproducts outperformed polystyrene packaging in price, density, ability to hold
temperature, environmental impact, and thermal conductivity. The research elucidates the
discrepancy between theoretically preferable and actual choices made by logistics managers.
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In the face of increasing global demand for bioresources and the pressing need for sustainable development, the assessment of bioresource sustainability has emerged as a critical area of scientific inquiry. This Thesis is dedicated to conducting a comprehensive evaluation of the sustainability of bioresources in Latvia. It aims to delve into their potential as a better alternative for and to scrutinize the environmental and economic implications that arise from their utilization in the local context.

As a case study for sustainable bioresources, among other examples, sea buckthorn plantation is analysed. This perennial bush embodies many of the challenges of bioresources and sustainability. The concept of sustainability is multidimensional, encompassing a wide array of considerations. Sea buckthorn, for example, is not only an income source for farmers but also a source of sustainable and healthy bioproducts in pharmacy, thus reducing climate changes and improving the wellbeing of people. As part of the cold supply chain, it requires a significant amount of energy not only during the growing phase but also during transportation and storage, thus also creating greenhouse gasses. 

The decision-making process for end-products with low added value or as part of more sophisticated products in agriculture is analysed. In the context of bioresources, sustainability involves an intricate balance between their renewability, the carbon neutrality they offer, and the impact they have on biodiversity, investment desicions, and the prosperity of people around bioresources. During research, specific methodologies and tools are used to analyse the Latvian cases of bioresource usage.

Chapter 1 of this study concentrates on sea buckthorn - determining the existing impact on the sustainability of bioresources cold supply chain and processing and what improvements could be performed by analysing the specific Latvian case study of existing plantation and supply chain near the town of Cēsis. Also, market readiness for renewable energy sources among companies in Latvia is analysed. 

In Chapter 2 of the Thesis, researches the future impacts of bioresources, namely the greenhouse gass emissions of the sea buckthorn plantation and new, sustainable future bioresources as alternative substitution for existing fossil-based products.

Finally, a decision-making tool for future bioresource trends in agriculture is researched to assist those in policy-making or business environments seeking more sustainable bioproducts to promote, research and develop.

The goal of this research is to pave the way for a more sustainable future. By shedding light on the sustainability of bioresources, it hopes to contribute to the transition towards renewable sources of energy and materials, a key pillar of sustainable development. This transition is not only about meeting our energy and resource needs but also about preserving our planet and ensuring the well-being of current and future generations.




[bookmark: _Toc162201169]The Relevance of the Doctoral Thesis

In the contemporary world, the relevance of sustainability assessment of bioresources cannot be overstated. Sustainability and resource availability have become an increasingly crucial factor in policymaking and investments. This is due to environmental, economic, and social concerns that have risen because of global population growth and climate change. Governments around the world are now recognizing the importance of sustainability and are implementing policies that support sustainable investment practices.

The increasing global demand for bioresources and the urgent need for sustainable development have brought this field to the forefront of scientific research, business, politics, and daily life. Bioresources are one of the pillars in many policy documents at the national level, like Latvian “The National Development Plan 2021–2027”, European level “New Green Deal” and “Common agricultural policy” or international United Nations 17 sustainability goals. 

In Latvia alone, for the next five years, more than nine billion EUR will be allocated, among others, to promote the usage of bioresources, thus promoting sustainability and long-term development. Bioresources can be analysed by countless metrics and criteria. During research, specific dimensions of bioresources sustainability are chosen – logistics and processing, greenhouse gas emissions, renewable energy, added value of materials and innovations and investments. Those dimensions are applied to various bioresources, including sea buckthorn plantation as a main case study.

During research, sustainability in bioproduction refers to the idea that economic activity should take place while preserving and enhancing environmental assets over time. This includes considering impacts on natural resources, energy source availability, greenhouse gas emissions, and justification for new economic investments. Investments in bioresources support responsible land use practices, seek to reduce negative environmental impact and support renewable energy, and ecologically sound practices. All those factors are everyday topics at the manufacturing level of bioresources, at policy-making level and at the investment planning level, thus clearly proving the relevance of the Thesis subject.

[bookmark: _Hlk162167335]The findings of this Thesis are intended to contribute to the development of strategies and policies that promote the sustainable use of bioresources. By providing a thorough and objective assessment of bioresource sustainability, this Thesis aims to inform decision-making processes at multiple levels, starting from the farm level and providing tools for more general policy making.

Industry stakeholders can gain valuable insights to guide their operational and strategic decisions, enabling them to align their practices with sustainability principles. Policymakers can use the findings to craft informed and effective policies that encourage the sustainable use of bioresources. At the societal level, the research can contribute to raising awareness and understanding of bioresources sustainability, fostering informed public discourse and decision-making.

[bookmark: _Toc162201170]Objective and Tasks of the Thesis

The primary objective of this Thesis is to evaluate the environmental and economic impacts of utilizing sustainable bioresources. This analysis aims to shed light on the multifaceted influences driving sustainable practices uptake within the bioresource sector. By pinpointing the obstacles to widespread adoption and identifying the catalysts for change, this research endeavours to offer strategies for enhancing the promotion and integration of sustainable bioresources, thereby fostering more environmentally and economically viable choices.



Tasks:

· Identify sustainability dimensions. Outline the key sustainability dimensions pertinent to this research, encompassing environmental, economic, and social aspects.

· Gather data for case study analysis. Collect comprehensive data for a Life Cycle Assessment (LCA) and Life Cycle Cost Analysis (LCCA) focusing on a case study of a sea buckthorn plantation to understand the sustainability impact across its lifecycle.

· Engage with industry stakeholders. Conduct structured interviews with stakeholders in the business community to gather insights on current practices, challenges, and perceptions regarding the sustainability of bioresources.

· Experimental analysis of alternatives. Design and execute experiments to evaluate the viability and sustainability of alternative materials compared to conventional ones within the bioresource sector.

· Literature review and application of GHG calculations. Undertake a thorough literature review of greenhouse gas calculators tailored for horticulture plantations. Apply these tools to a localized scenario to validate their accuracy and relevance.

· Develop a system dynamics model. Create a system dynamics model for selecting bioresources to assess their sustainability. This model should help determine the most viable bioresources based on predefined sustainability criteria.

By accomplishing these tasks, the Thesis aims to contribute significant insights into the sustainable management of bioresources, inform policy, and guide industry practices towards more sustainable outcomes.

[bookmark: _Toc162201171]Theses

The thesis of the doctoral research are based on two distinct dimensions.

1. The sustainability dimension of products includes various characteristics, the metrics of which outline the sustainability of the use of bioresources:

· parameters of the resource extraction process and logistics, which are based on the pilot project of sea buckthorn cultivation;

· greenhouse gas emission parameter characterising the impact of bioresources on climate change based on agriculture;

· parameter of the use of bioresources for the production of a product with high added value, which is based on examples of the use of logging residues;

· level of use of bioresources for energy production based on the readiness of entrepreneurs to renewable energy sources;

· an assessment of the role of investment and innovation towards the European Union's sustainability goals.

2. The sustainability dimension of the use of bioresources can be assessed by integrating and combining different analytical methods:

· multi-criteria analysis;

· surveys;

· experiment;

· fuzzy cognitive mapping approach;

· life cycle and life cycle cost analysis.

[bookmark: _Toc162201172]Hypothesis of the Thesis

Faced with the global demand for bioresources toward sustainable development targets, this Thesis provides a multifaceted approach to evaluating the sustainability of bioresources. This can significantly enhance their utilization in an environmentally sound, economically viable, and socially beneficial manner. This comprehensive evaluation is crucial to identifying sustainable alternatives that mitigate environmental impact and foster economic prosperity.

The research hypothesis of this Thesis is that the implementation of sustainable practices with an emphasis on the cultivation, processing, and utilization of bioresources, exemplified by the case study of sea buckthorn plantation, can lead to an important reduction in greenhouse gas emissions, improvement in resource efficiency, and enhancement of socio-economic benefits for communities involved.

[bookmark: _Toc162201173]Scientific Novelty

The scientific novelty of the Thesis research lies in its tailored approach for specific and unique models made:

· LCA/LCCA model for a small-scale sea buckthorn plantation in Latvia, including creation, operations, and logistics up to a retail shelf of product.

· Market prospects for bioresource-based green thermal packaging based on an interview of Latvian stakeholders and the MCA method to quantify results.

· FCM to assess bioresources viability to the set of sustainability criteria for implementation in Latvia.

· Market maturity for investments in RES based on AHP and interviews of large energy consumers in Latvia.

· Parameters of farm-level GHG calculation tool for horticulture and result verification by local sea buckthorn farm.

[bookmark: _Toc162201174]Practical Significance of the Research

As a result of the research several models based on case studies were created. Those models can be used by stakeholders and policymakers to improve sustainable bioresource usage:

· [bookmark: _Hlk161494893]development of a tool to assess future markets for bio-products and what criteria shape those markets in Latvia;

· A practical tool to analyse “green” solutions from the perspective of sustainability and feasibility, based on a case study of sea-buckthorn;

· methodology to analyse results of interviews to determine market maturity for renewable energy sources in the Latvian case study.

Also, new and unique bioresource material – particle boards from forest residue – was researched.

[bookmark: _Toc162201175]Research Framework

The sustainability of bioresource usage depends on locally available materials, impact on climate, and technological maturity.

Of high importance is not only the usability and characteristics of each separate bioresource but also the requirement to efficiently use other resources: energy, water, land, materials. 

One of the core elements of sustainability is the impact on climate change, which is characterised by GHG emissions in all the stages of production. 

As a summary of the previously mentioned, a research framework is formed. The framework is based on seven dimensions – two are background dimensions, and five are related to the field of research. The framework includes two background dimensions: “as-is” and “to-be”. Those dimensions are used during business modelling, first, describing existing conditions and factors, while second, describing future trends or desired outcomes at some point in future. 

Within time dimensions specific dimensions of sustainability are analysed: 

· as-is (existing situation) analysis:

· using sea buckthorn plantation and products’ existing maintenance and operational costs, as well as existing infrastructure and energy consumption; 

· sustainable farming to verify GHG emission calculations using existing data and parameters; 

· to-be (future) analysis:

·  integration of renewable energy sources in the bioproducts processing industry, based on companies’ plans and expectations in future;

· evaluation of the future of bioresources in manufacturing of products with high added value for products not in making now;

· the role of investment and innovation both in present and future models. For example, sea buckthorn’s existing situation is based on actual, measured data of the present, but possible improvements are investments at some point in the future.

A summary of the research framework visualisation is shown in Fig. 1.





[image: ]

[bookmark: _Ref159884942]Fig. 1. Research framework.

The methodology for each of the dimensions is chosen. In the Thesis, methodologies are used according to their relevance to data availability, and results are described in five dimensions, as shown above.

[bookmark: _Toc162201176]Approbation
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1. [bookmark: _Toc162201177]Literature review

Sustainability as a keyword is mentioned in more than 31 thousand articles in the SCOPUS database in the year 2023 alone. The literature review is organized into five sections according to dimensions from the research framework – logistics and processing, greenhouse gas emissions, renewable energy, the added value of materials and innovations, and investments. This approach helps to narrow down the boundaries of literature research in accordance with the scope of the Thesis.

The agricultural cold supply chain plays a pivotal role in ensuring the quality, safety, and shelf-life extension of perishable agricultural products. With growing concerns over food security, environmental sustainability, and economic viability, there is an increasing focus on optimizing this supply chain. Investments in cold storage facilities and transportation infrastructure have been identified as critical for improving efficiency and sustainability of the agricultural cold supply chain [1].

Upgrading these facilities with energy-efficient technologies and renewable energy sources not only reduces operational costs but also mitigates environmental impacts, contributing to overall sustainability [2].

Technological advancements such as IoT-enabled monitoring systems, RFID tracking, and predictive analytics have revolutionized cold chain management [3].

These innovations enable real-time monitoring of temperature and humidity, thereby minimizing food losses and ensuring product quality throughout the supply chain. Moreover, process optimization through the integration of data analytics enhances resource utilization and reduces carbon footprint [4].

Collaborative partnerships among stakeholders, including farmers, producers, retailers, and logistics providers, are essential for optimizing the cold supply chain [5].

By sharing resources, information, and best practices, these partnerships facilitate the implementation of sustainable practices such as coordinated delivery schedules and consolidation of shipments, leading to reduced emissions and waste. Government policies and regulatory frameworks play a crucial role in shaping the sustainability of the agricultural cold supply chain. Incentives for investment in sustainable infrastructure, subsidies for adopting green technologies, and stringent quality standards promote environmentally friendly practices and drive continuous improvement in the supply chain's sustainability performance. Investments in the agricultural cold supply chain hold immense potential for enhancing its sustainability by improving infrastructure, leveraging technological innovations, fostering collaborative partnerships, and implementing supportive policy frameworks. Future research should focus on evaluating the effectiveness of these investments in achieving long-term sustainability goals and addressing emerging challenges in the dynamic agricultural landscape.

Agriculture is a significant contributor to greenhouse gas (GHG) emissions, necessitating accurate measurement tools for mitigation strategies. Greenhouse gas calculators have emerged as essential tools for assessing emissions in agricultural systems. This literature review aims to explore the effectiveness of GHG calculators in agricultural contexts, highlighting their benefits, challenges, and areas for improvement.

Several studies have investigated the utility of GHG calculators across diverse agricultural settings. In [6], a study on USA egg production is conducted, revealing a decrease in GHG emissions over the years, emphasizing the importance of considering local conditions. In [7], a comparative analysis of GHG calculators is conducted, highlighting variations in emissions estimates due to differences in calculation methods and input parameters. Case studies and the performance of GHG calculators emphasize the role of uncertainty in emission estimates and recommend improved data collection and model validation. Furthermore, in [8], four alternative low carbon scenarios for Nigeria are developed, identifying expected future trends of GHG emission in the country.

Greenhouse gas calculators offer valuable tools for assessing emissions in agricultural systems, aiding in the formulation of sustainable practices. However, challenges such as variability in estimates, uncertainty, and the need for localized calibration persist. Future research should focus on standardizing methodologies, improving model accuracy, and enhancing data collection to ensure effective GHG assessment in agricultural contexts.

The agricultural sector is increasingly turning towards renewable energy sources to mitigate environmental impacts, reduce operational costs, and enhance sustainability. This literature review examines the investment perspectives surrounding the adoption of renewable energy technologies in agriculture, elucidating key considerations, benefits, and challenges.

Several studies have explored the financial implications of transitioning to renewable energy sources in agriculture. In [9], a cost-benefit analysis of renewable energy adoption on farms is conducted, highlighting significant long-term savings despite initial investment costs. The authors emphasize the importance of government incentives and financing options in facilitating adoption. 

Similarly, in [10], the economic feasibility of wind and energy integration in agricultural greenhouses is investigated, emphasizing the potential for revenue diversification and risk management through energy production. However, the authors note challenges related to intermittency and alternative sources in case of unfavourable climate conditions.

Moreover, in [11], the investment attractiveness of bioenergy production in agriculture is conducted, considering factors such as feedstock availability, technology maturity, and market demand. The study highlighted the importance of comprehensive feasibility assessments and risk management strategies for successful implementation. Furthermore, in [12], the financial viability of biogas generation from agricultural waste is analysed, emphasizing the role of government policies and carbon markets in incentivizing investment. The authors underscore the potential for revenue generation, waste management, and environmental benefits. Biomethanation and pyrolysis technologies may be economically and environmentally competitive over natural gas, but still more advanced LCA models are to be made.

Renewable energy adoption in agriculture presents compelling investment opportunities, offering long-term cost savings, revenue diversification, and environmental sustainability. However, challenges such as upfront costs, technology integration, and policy support remain significant barriers. Future research should focus on developing innovative financing mechanisms, improving technology efficiency, and enhancing policy frameworks to accelerate the transition towards renewable energy in agriculture.

In recent years, there has been growing interest in utilizing bioresource materials in agriculture to enhance productivity, sustainability, and economic viability. The literature review aims to explore the added value of bioresource materials in agricultural practices, highlighting their diverse applications, benefits, and implications.

Numerous studies have investigated the potential of bioresource materials to add value to agricultural systems. In [13], the use of biochar, a carbon-rich material derived from biomass, in soil amendment is examined. The study demonstrated the ability of biochar to improve soil fertility, water retention, and crop productivity, thereby enhancing agricultural sustainability.

Similarly, in [14], the utilization of agricultural residues, such as crop residues and animal manure, for biogas production is explored. The authors highlight the dual benefits of bioenergy generation and waste management, emphasizing the potential for renewable energy integration in agricultural operations. Furthermore, in [15],  the application of agricultural by-products, such as crop residues and agro-industrial wastes, in the production of bio-based materials is investigated. The study showcases the potential of bio-based materials for diverse applications, including the manufacturing of biofuels, enzymes, vitamins, antioxidants, animal feed, and antibiotics, thereby promoting circular economy principles in agriculture. Moreover, the authors of [16] examin the use of biofertilizers derived from microbial inoculants in agricultural practices. They demonstrate the ability of biofertilizers to enhance nutrient uptake, soil health, and crop yield, offering a sustainable alternative to chemical fertilizers.

Bioresource materials offer significant added value to agriculture by enhancing soil fertility, promoting waste management, enabling renewable energy production, and facilitating the development of bio-based products. However, challenges such as scalability, technology adoption, and market penetration remain. Future research should focus on optimizing bioresource utilization pathways, improving technology efficiency, and fostering stakeholder engagement to realize the full potential of bioresource materials in agriculture.

The pursuit of sustainable agriculture necessitates strategic decision-making processes to guide innovations and investments towards environmentally friendly, economically viable, and socially equitable practices. This literature review delves into the complex landscape of decision-making frameworks utilized in the context of sustainable agriculture, exploring key factors, challenges, and emerging trends.

Several studies have examined decision-making processes related to innovations and investments in sustainable agriculture. In [17], the authors emphasize the importance of participatory approaches that involve stakeholders at various levels to ensure the relevance and acceptance of sustainable agricultural practices. The study underscores the role of farmer knowledge, local contexts, and socio-economic factors in shaping decision-making processes.

Furthermore, the authors of [18] highlight the need for holistic assessments that consider multiple dimensions of sustainability, including environmental, economic, and social aspects. They advocate for integrated decision-making frameworks that prioritize synergies and trade-offs among different sustainability goals. Moreover, the authors of [19] examine the role of technology adoption and innovation in driving sustainability transitions in agriculture. The study emphasizes the importance of risk management strategies, information dissemination, and incentive mechanisms to encourage the adoption of sustainable technologies. Policymakers and stakeholders must prioritize the adoption of advanced technologies to promote sustainable agriculture, bolster resilience, and mitigate the adverse impacts of greenhouse gas emissions.

Additionally, in [20], the authors investigate the economics of sustainable agriculture decision-making, emphasizing the complexities of balancing environmental stewardship with economic profitability. Integrating mathematical model-based decision-making in the current land use planning and agricultural decision-making will significantly improve the efficiency of agricultural production and contribute to achieving the goal of increasing profitability in the face of climate change.

Decision-making for innovations and investments in sustainable agriculture requires a multifaceted approach that integrates stakeholder engagement, holistic assessments, technology adoption, and economic considerations. Future research should focus on developing decision support tools, fostering stakeholder collaboration, and enhancing policy frameworks to accelerate the transition towards sustainable agricultural systems.

Sustainable investments are important not only for the environment but also for socio-economic development. Investment in sustainable projects can create jobs, improve livelihoods, and reduce poverty rates. By investing in green technologies, businesses can also benefit from lower production costs while reducing their environmental footprint [21]. This can result in greater economic growth over time as well as improved health and well-being for local communities [22].

2. [bookmark: _Toc162201178]Methodology

A proper methodology in Thesis is crucial as it provides a clear and detailed plan of how the research has been conducted, enhancing the reproducibility of the study. It allows for the validation of the results, as others can follow the same procedures to arrive at similar conclusions. A well-defined methodology also increases the credibility of the research, demonstrating that the findings are not based on mere speculation but on systematic and rigorous investigation. Lastly, it contributes to the transparency of the research process, enabling reviewers and readers to understand and evaluate the soundness of the research design and execution.

2.1. [bookmark: _Toc162201179]Survey

In Publication 2, a survey was conducted to identify which RES are most viable when mutually compared and determine the RES with the highest potential among Latvian companies. The target group of the survey is manufacturing enterprises. The survey was prepared using the online software “Typeform” and sent out to 2000 manufacturing enterprises consuming 500 MWh or more of electricity annually. As the only criteria were energy consumption, companies represent various industries. The survey is based on the following questions: 

1. Are renewable energy technologies used in your company? 

2. Specify which RES is/are used. 

3. What limits the use of RES? 

4. What would facilitate the use of RES? 

5. Which three RES technologies could have the most potential in your company? 

6. What is the approximate monthly electricity consumption of your company? 

7. Is energy consumption one of the top three cost positions in your company? 

8. Would you be interested in the results of this survey and learning more about RES technologies? 

When summarizing the result of Question 5, in order to take into account whether the technology is indicated as the first, second or third priority, coefficients have been selected that are multiplied by the number of respondents who have indicated the specific RES technology at the respective priority level. This coefficient for the first priority is 3, for the second priority – 2 and for the third priority – 1. The incidence of each RES technology is calculated using Eq. (2.1): 

	,	(2.1)

where 

RRES – incidence of specific RES technology among respondents, %; 

p1, p2, p3 – number of respondents per priority who indicated RES technology as first priority (p1), second priority (p2), and third priority (p3); 

n – number of total RES technologies considered. 

Another survey was used to determine optimal thermal packaging. Initial criteria for thermal packaging comparison were identified in open interviews with representatives of companies working in the pharmaceutical and fine chemicals and logistics field. By allowing representatives to answer open questions like “How is thermal packaging chosen?”, criteria and their indicators were elucidated. In many cases, it became clear that the industry is not using numerical indicators for each criterion. The analysed product data sheets contained information based on performance, for example, hours held in temperatures below +8 °C [23], [24], [25].

Indicators like thermal conductivity and density were found in the scientific literature on corresponding materials [26], [27], [28].

2.2. [bookmark: _Toc159805100][bookmark: _Toc159805205][bookmark: _Toc159805101][bookmark: _Toc159805206][bookmark: _Toc159805102][bookmark: _Toc159805207][bookmark: _Toc159805103][bookmark: _Toc159805208][bookmark: _Toc159805104][bookmark: _Toc159805209][bookmark: _Toc162201180]Pairwise comparison 

After survey the importance of 12 criteria was compared in pairwise fashion. As it is nearly impossible for humans to the reciprocal relationships of 12 criteria simultaneously, the method for pair analysis was chosen. Using this approach, experts were asked to compare only two criteria at a time; each expert did a total of 66 comparisons. The comparison was done verbally, as suggested by Saaty et al. 2010 [29].

Further, it was determined whether one criterion is equally important as the other, less important, or more important. After verbal comparison, numerical values were assigned to each compared pair using a scale of 1 to 9. In the chosen scale, 9 signifyied very high importance, 6 strong to very strong importance, 3 moderate importance, and 1 equal importance [30].

Overall, 10 questionnaires were disseminated among the identified pharmaceutical and fine chemical industry enterprises in Latvia, including large companies like Grindex and Olainfarm. It was expected that the approached companies were heavily impacted by the global pandemic; only five responded, and three were eligible to questions as companies made their own decisions regarding temperature-sensitive product logistics. Two companies outsourced this service, hence they were unsuitable for multi-criteria analysis and criteria comparison. The chosen companies assigned the questionnaire to logistics team experts within the company. 

Mathematically, all the chosen criteria are plotted on a matrix, and by solving them, eigenvalues can be found. These values, also called eigenvectors, represent the importance of each criterion – a higher value means higher importance in the final decision. Indicative eigenvalues were calculated in Microsoft Excel [31] and used for further analysis. A consistency threshold of 0.2 was used, as done before [32] when multiple stakeholders were surveyed.

2.3. [bookmark: _Toc162201181]Experiment

As described in Publication 6, to create a new biomaterial, an experiment was conducted to make a bio-based chipboard. The biomass comprised logging residues primarily derived from Picea abies and Pinus sylvestris, including small branches and needles. It is important to note that the composition of wood chips varied based on factors such as the specific location, the environmental conditions during the chipping process, and the relative proportions of wood biomass.

[image: A diagram of a mathematical equation

Description automatically generated with medium confidence]After the chips were crushed in the custom-made horizontal-axis chipper, the chips were placed in a "Vibrotehnik PM-120" laboratory-size hammer mill with an integrated metal screen. The crushed particles were sieved using a Retsch AS-400 sieve shaker and metal sieves with different mesh opening sizes. 

Fig. 2.1. Workflow for particle separation.

Workflow for particle separation: 

(A) horizontal 2-axis mill followed by hammer mill, particle mixing with binder and pressing; 

(B) horizontal 2-axis mill followed by a sieve for particle separation, mixing, and pressing;

(C) horizontal 2-axis mill followed by a sieve for particle separation, particle > 1 mm milled with hammer mill, mixing, and pressing.

The separation approach allowed to assess the bark and other fine particle impact on board durability. Particle fractions of < 2.8 mm, 2.8–8 mm, and 8.0–10.0 were used to determine the fine-logging residue particle impact on board mechanical properties.

Each composition and parameter were replicated at least two times and achieved boards sawn in three equal parts for MoR testing and density calculations, resulting in at least six repetitions. 

2.4. [bookmark: _Toc162201182]Multiple-criteria decision analysis 

Multiple-criteria decision analysis (MCDA) includes the following steps: target definition, definition of alternatives, selection of criteria, determination of their weight, and evaluation of alternatives. There are several variations of MCDA.

In Analytic Hierarchy Process (AHP) four main criteria are used for alternative evaluation: technical criteria, economic criteria, environmental criteria, and social criteria – these are the criteria that characterize a decision based on the principles of sustainable development. 

The first step in calculating the of criteria weights is the pairwise comparison. The nine-integer value scale was initially suggested by Saaty [33].

Each criterion is compared to all other criteria forming the comparison matrix. In order to determine the ranks of criteria, the next step is solving the eigenvector problem. The next step is the calculation of eigenvectors of each matrix row – values in each row are summed and divided by the number of criteria. The eigenvectors give the ranking (weight) of the criteria [35].

[bookmark: _Toc162201183]TOPSIS methodology

The TOPSIS methodology is useful because it requires only a few indicators, while providing comparable data to draw conclusions. There is only one parameter, which is subjective: the relative weight of each criterion.

The basic assumption of TOPSIS methodology is that the most preferred solution is one with the shortest distance to the desirable result and further distance from the result to be avoided.

TOPSIS methodology is based on five calculation steps. The first step gathers a data set of indicators for each scenario. In the second step, normalization of indicators is performed.  In the next step, normalized values are weighted, and their proximity to desirable and avoidable results is calculated. The final step calculates the proximity by ratio of these distances [36].

The mathematical description of the steps is described further. Step one gathers data from n alternatives a with chosen m criteria i in decision matrix X, where i = 1,…, m and a = 1,… n. The data is being normalized so that various units used are comparable. Distributive normalization, used for the Thesis uses Eq. (2.2) [36].

[bookmark: _Ref159791215]	, for  and 	(2.2)

For the second step, the weight of each criterion is taken into account using Eq. (2.3).

	 	(2.3)

In the next step, the results from the previous step will be used to compare each action to an ideal (zenith) and anti-ideal (or nadir or negative ideal) virtual action (Ishizaka, 2013). To perform the comparison, Eqs. (2.4) and (2.5) are used for zenith and nadir options. 

	, 	(2.4)

	,	(2.5)





From the results,  is maxa(vai) if criterion i is to be maximized and  is mina(vai) if criterion i is to be minimized.

It is by the performer to determine which are have positive value and which have negative value.

The fourth step calculates the distance to the preferred result (Eq.2.6).

	 	(2.6)

Finally, the relative proximity coefficient is calculated (Eq. 2.7).

	.	(2.7)

Obtained results show the most preferable scenario with a list desirable in numerical ranking.

TOPSIS has been used in Publication 2 for the evaluation of different energy generation technologies [37].

The aim of the TOPSIS analysis in Publication 2 is to compare RES technologies in order to find the technology that performs the best in terms of the criteria set. For the evaluation, six alternatives were selected: biomass technologies, solar PV panels, solar thermal technologies, technologies that use renewable parts of waste as an energy source, wind technologies, and geothermal technologies.

Technologies were assessed based on four criteria: technical, economic, social, and environmental. The technical aspect includes the level of technological development, also known as technology maturity, which characterizes how advanced the technology is, i.e., whether there is potential for efficiency gains or whether the theoretical maximum level of technological productivity has already been reached [38].

The technical aspect also includes the feasibility of innovation, process efficiency, and energy quality, which often is expressed as reliability, which describes the ability of technology to work continuously and independently without unforeseen damage, interruptions, and additional monitoring. Reliability is one of the most commonly used criterion in the multi-criteria analysis and has always been a topical issue in the energy sector [39].

The first step using the TOPSIS method is normalizing the decision matrix, followed by calculating the normalized decision matrix and determining the best and worst solution. The best solution corresponds to a theoretical option of the most desirable level of each criterion, while the worst solution corresponds to a theoretical option of the least desirable level of each criterion [40].

After that, the distance of each alternative from the best and worst solution is calculated in order to obtain the closeness coefficient, which is used for the ranking of alternatives.

2.5. [bookmark: _Toc162201184] Fuzzy cognitive map

System dynamics is a computerized approach to comprehending the activity and behaviour of complex systems, such as cities, climate, and ecosystems, for policy analysis and development, which was originally developed by Jay W. Forester. System dynamics is related to how things change over time [41]. 

Analysis of qualitative systems or qualitative modelling is increasingly used to analyse the dynamics of complex systems. Kosko [42] introduced fuzzy cognitive maps (FCM) as a tool for dynamic qualitative system behaviour perception and explanation. FCM is increasingly being used to model and analyse the behaviour of qualitative systems. Over the past 30 years, this fuzzy cognitive mapping (FCM) approach has become increasingly popular due to the simplicity of design and low computing requirements. 

In general, it is considered that FCM has several advantages over traditional quantitative modelling approaches. These advantages include, for example, the ability to model data in limited environments using natural language, expressing knowledge, perception, experience or beliefs, as formulated by an expert or stakeholder, usually characterized by ambiguous information. 

FCM consists of concepts (linguistic terms) that are expressed by nodes. Directed arrows with scales explain the relations between concepts. These weights describe the strength of causality with ({–1.0} and {0.1}), which, respectively, denote the decrease and increase of causality. Concepts and their reciprocity are depicted by nodes and directed arrows with their weights explaining the layout of a particular system. It is depicted in a matrix that allows to perform standard algebraic operations to find relations between nodes. The FCMs that were introduced by Kosko are simulated using a mathematical formula expressed in Eq. (2.8).

	, 	(2.8)

where n is the number of concepts, and Cj(t + 1) is the value of the concept in the next iteration. Ci(t) is the value of the concept during the iteration t, and wij is the weight of the reciprocity between cause and effect. Then it is mapped on a predetermined universe in discourse using transformation functions. It is then mapped to a predetermined universe in discourse using transformational functions, the most common are the achievements of the sigmoid and hyperbolic transformation function FCM in relation to modelling and simulation. 

Ideally, when modelling a complex qualitative SD, it should have FCM and be able to capture and model causal dynamics, as experts believe. 

The methodology was used for the evaluation of bioproducts. FCM modelling method was used in the study to compare different production process methods, to understand which of them best meets the sustainability criteria, and to identify potential barriers to obtaining reliable and objective results while using the FCM method and whether the use of this type of integrated analysis is appropriate to compare the different production process alternatives that were looked at in the study. FCM modelling requires a sequential set of activities that will ensure that the research objective is achieved in a transparent and understandable way to analyse 16 manufacturing processes. 

In order to compare all the described production processes, it is necessary to define the most important criteria. The following criteria were selected when evaluating the priority criteria:

1) environment aspects;

2) technological aspects;

3) economic aspects;

4) social aspects.



[bookmark: _Ref159801848]Fig. 2.2. Aspects of evaluation criteria.

Considering the limitations of the information availability, sustainability, and usefulness indicators from the point of view of bioeconomy have been selected for modelling.

All selected criteria and sub-criteria are qualitative, so they should be assigned numerical values based on the analysis of the production processes performed in the study. 

Each sub-criterion will be assessed with a value from –1 to 1, where the strongest link will be donated by 1, and it will denote the best, strongest possible link from the point of view of bioeconomy and usefulness. The rating link “1”,that was obtained in the sub-criterion, is comparable to the highest implementation efficiency. Whereas the lowest rating “–1” indicates the weakest link or result from the point of view on bioeconomy and usefulness.  

2.6. [bookmark: _Toc162201185]Life Cycle Assessment

[bookmark: _Toc42088459]During the research, actual, real-life examples and models were analysed using the Life Cycle Assessment (LCA) methodology, including basic metrics for systems and options on merging of results.

To prove the hypothesis and establish major principles, Life Cycle assessment (LCA) approach will be used. The foundations of methodology dates to the 1980s. The overall principles and structure of this methodology were set in ISO 14040 standard in 1997. However, other LCA practises exist, like the CML, EDIP97 and ILCD guidelines from the European Union (EU) Commission.

LCA framework comprises four distinguished parts: definition of goal and scope, inventory analysis, impact assessment, and data interpretation.

The study is performed by determining and defining process flow within the defined system boundaries, developing data collection methodology, collecting relevant data, and reporting the results. The life cycle inventory is the outcome of this phase.

[bookmark: _Ref40650902][bookmark: _Toc41315817]Table 2.3

Inventory of Cultivation of Functional Unit

		Materials and activity

		Unit

		Quantity

		diesel, kg

		water, L

		kWh

		Total qnt. in 31 year

		Per 1000 kg frozen berries



		Field preparation – year 0



		Land use

		m2

		10000

		 

		 

		 

		10000.00

		3377.24



		Ploughing

		set

		1

		24.9

		 

		 

		24.90

		8.41



		Disc cultivation

		set

		1

		6.225

		 

		 

		6.23

		2.10



		Drag harrowing

		set

		1

		7.055

		 

		 

		7.06

		2.38



		Green manure sewing

		set

		1

		6.64

		 

		 

		6.64

		2.242



		Green manure harrowing

		set

		1

		7.055

		 

		 

		7.06

		2.383



		Field establishment – year 1 to 3



		NPK 15:8:15

		set

		1

		70

		 

		 

		 

		 



		N

		 

		 

		10.5

		 

		 

		31.50

		10.638



		P

		 

		 

		5.6

		 

		 

		16.80

		5.674



		K

		 

		 

		10.5

		 

		 

		31.50

		10.638



		Fertilizer: ammonium nitrate

		set

		1

		20

		 

		 

		60.00

		20.263



		Irrigation energy

		set

		5

		 

		 

		1.5

		22.50

		7.599



		Irrigation water

		set

		5

		 

		6250

		 

		93750.00

		31661.60



		Mowing between lines

		set

		2

		6.225

		 

		 

		37.35

		12.61



		Geotextile

		m2

		2500

		 

		 

		 

		2500.00

		844.309



		Irrigation system (pipes, PVC, d16)

		m

		2500

		 

		 

		 

		2500.00

		844.309



		Maintenance: years 4 to 30



		NPK 8:11:23

		set

		1

		250

		 

		 

		 

		 



		N

		 

		 

		20

		 

		 

		540.00

		182.371



		P

		 

		 

		27.5

		 

		 

		742.50

		250.760



		K

		 

		 

		57.5

		 

		 

		1552.50

		524.316



		 Ammonium nitrate

		set

		1

		20

		 

		 

		540.00

		182.371



		Mowing between lines

		set

		2

		6.225

		 

		 

		336.15

		113.526



		Irrigation energy

		set

		5

		 

		 

		1.5

		202.50

		68.389



		Irrigation water

		set

		5

		 

		6250

		 

		843750.00

		284954.407



		Harvesting: years 4 to 30



		Tractor 

		set

		1

		12.45

		 

		 

		336.15

		3.66







Impact assessment evaluates the product system’s impact on the environment by using environmental science models. The use of LCA is essential to evaluating the overall impact, avoiding a shift of environmental burden  and the effect of energy efficiency measures across the entire cold chain.

[bookmark: OLE_LINK27]The LCA software SimaPro 9.0 by Pré Consultants and EcoInvent v.3.5 were used to generate the LCA model and undertake the impact assessment calculations. SimaPro is the world’s leading LCA software package, with 30 years of experience and history. It is mainly used by industry and academics in more than 80 countries. 

2.7. [bookmark: _Toc162201186]Life Cycle Cost Analysis 

[bookmark: _Toc132537177]The concept of a Life Cycle Cost Analysis (LCCA) is widely used to analyse and evaluate various project alternatives. The main task of LCC is to find out project profitability over its life span, including obtaining project assets and ending with disposal. LCC is used as a tool to support the decision-making process. The Life Cycle Costing approach was born a few decades ago, in 1965 in the USA, when the United States Logistics Management Institute used the term of “life cycle costing” while seeking lower costs in military logistics as a result of economic stagnation [43]. 

The current literature and publications on LCC are filled with examples of application of this approach in various aspects of investments, starting with construction projects and ending with an analysis of investment in environmental activities [44].

In addition, LCC is also accepted in the European Union (EU) legislative process, for example, public procurement under EU law. Directive 2014/24/EU promotes use of Life Cycle Costing approach in public procurement to detect the most economically advantageous tender in order to support sustainable growth. Life Cycle Costing Analysis approach is widely used due to many advantages while comprising some disadvantages or constraints.

LCC is purely based on a cost efficiency approach and is data-driven. Therefore it requires a detailed estimation or inventory of the overall costs and benefits of a project studied. Any project comprises countless cost positions. In general, any project has four life cycle phases (see Fig. 2.3).

According to theory, the first is the development phase, which includes all costs related to research, planning, obtaining property, and design. The second is the construction phase, which comprises all costs associated with establishing facilities. Next is the operation phase, where operational, maintenance, and repair costs are to be identified.

[image: ]

[bookmark: _Ref159798420][bookmark: _Ref159793985][bookmark: _Ref40441070][bookmark: _Toc42088506]Fig. 2.3. Common Life Cycle Cost structure of a project [45].

The final phase includes all the costs related to the maintenance values of the project, which can be positive or negative. LCC inventory should be carried out for investment costs, both initial and capital replacement, operating, maintenance and repair costs, and residual costs.

The basic metric of LCC is Net Present Value (NPV). The NPV method is the present value of the total income created by the project during its expected lifetime. In essence, that is a comparison of the present value of all income and expenses within project. 

The NPV method is based on the discounting of cash flow. The discount rate is “the rate of interest, reflecting the investor’s time value of money (or opportunity cost), that is used in a discount formula or to select discount factors which in turn are used to convert (discount) cash flows to a common time” [46].

In the NPV calculation, each cash flow element is discounted based on the cost of capital in the given project. The discounted cash flow elements are aggregated so that they can be calculated, and NPV must be greater than zero for a successful project. The NPV is then compared with an alternative project.

In Eq. (2.9), the discount rate is used to express the discount factor, which in turn is used as discounting multiplicator.

	,	(2.9)

where DF is a discount factor, r is the discount rate, and n is the number of years ahead.

The discount factor is a multiplicative value used to convert cash flow (inflow less outflow) over time to comparable values at a chosen point in time [46].

[bookmark: _Hlk41051964]In practice, it is usually assumed that the discount rate is constant over time (r1 = r2 = rn). With a time-invariant discount rate NPV value of cash flows (including initial investment) can be obtained by using general Eq. (2.10).

	,	(2.10)

where NPV is the net present value, K is an initial investment in the base year, r is the discount rate, CF is cash flow, and n is the number of years ahead.

Cash flow discounting is commonly conducted in terms of “constant dollars” or a constant value of money [46].

When choosing a discount rate, it is advisable to increase the interval as much as possible. Accurate IRR calculation is only possible with the help of a computer.

Life Cycle Costing (LCC) is an economic analysis and is considered the basic element of LCCA. In [43], it is defined as “the process of economic analysis to assess the life cycle cost of a product, service or system over its proposed lifetime or a portion of thereof” while taking into account different alternatives and the time value of money in order to select the most cost-effective solution of the project (Fig. 2.4).

[image: ]

[bookmark: _Ref159798274][bookmark: _Ref159798019][bookmark: _Ref40441344][bookmark: _Toc42088507]Fig. 2.4. LCCA framework [46].

To be able to merge both LCA and LCC, there are some crucial aspects to be taken into account. The most challenging is to draw system boundaries so that both systems can be inter-compared. It is related to the fact that LCA is not considering, for example, labour intensity and activities in its costs; however it is important in the total project cost side, analysed by LCC. Change in labour costs due to the fact that LCC is affected by values like profit, work-created costs, etc., which do not have an impact on the LCA model. It is recommended to use the same functional unit when combining LCA and LCC, and also the same system boundaries. 

[bookmark: _Ref40650856][bookmark: _Toc41315822]		Table 2.4

Inventory of Life Cycle Costs

		Acquisition

		

		

		

		



		Overgrown land

		20000

		purchase price 2000 EUR/ha



		Construction

		

		

		



		Seedlings

		12500

		1250 EUR/ha, two-year-old, four varieties, developed from cuttings



		Labour

		2000

		salaries for workers to plant seedlings



		Geotextile

		8000

		800 EUR/ha, 110 g/m2, 105 cm wide, rolls



		Irrigation system

		15000

		1500 EUR/ha, delivery and assembly included



		Land improvement

		1500

		services for land improvement



		Operation and maintenance

		

		

		

		



		Labour

		5000

		seasonal workers to pick up berries



		Annual debt payment

		1536

		fixed total costs for a bank loan



		Transportation of raw material

		500

		seasons total for ten days rent, 50 EUR/day



		Processing

		2000

		total for freezing, cleaning and packaging



		Cold storing

		816

		12 EUR/ton per month



		Cold logistics

		1300

		seasons total for twenty days of rent, 65 EUR/day



		Fuels

		500

		fuels for tractors and rented vehicles



		Fertilizers

		2430

		fertilizers for plants according to the schedule



		Operational costs

		1000

		various costs, including accounting, banking fees, electricity, etc.







Meanwhile, each separate model system boundary can present some differences when performing analysis accordingly [47].

According to [47], the suggestion is to define cut-off assumptions for both systems, to correctly address them while defining goals and scope. 

By applying LCA and LCC methodology, various indicators were obtained. To properly assess them, multicriteria analysis is necessary. For research purposes, the Technique for Order of Preference by Similarity to the Ideal Solution (TOPSIS) was used. 

3. [bookmark: _Toc159805113][bookmark: _Toc159805218][bookmark: _Toc162201187]Results

The research subject has many levels, differing in scope and approach. During the research, several specific dimensions of sustainability in products were chosen for analysis.

3.1. [bookmark: _Toc162201188]Logistics and processing

Modern economy cannot be imagined without logistics, and it is impacting every level of entrepreneurship. During research, cold chain logistics were analysed from the perspective of logistics impact on the whole chain through LCA (Publication 1). 

In Publication 1, all the relevant data was collected to perform an analysis of logistics in the case study – the sea buckthorn supply chain – and the LCA model was created. The main contributors of the base scenario to the total aggregated environmental impacts of the sea-buckthorn project with mass allocation logistic stage are depicted in Fig. 3.1. 



[bookmark: _Ref159800910][bookmark: _Ref40890073][bookmark: _Ref40890066][bookmark: _Toc42088522]Fig. 3.1. Impact aggregation by SimaPro of the base scenario.

Processing, as can be seen, has the main impact. Logistics and transportation create less impact than cultivation and stocking due to rather short delivery distance and energy-intense processing. During research, the base model was compared to energy efficiency improvement options – warehouse insulation and change of engine of transportation vehicle from EURO 4 to EURO 6 standard without other changes in inventory. Results of simulations show that total environmental impact per functional unit varies by less than 1 %. 



[bookmark: _Toc42088524]Fig. 3.2. Scenario comparison, total endpoints.

Accordingly, midpoint analysis also shows that differences in each result of simulation vary little. Nevertheless, it should be considered that for each subprocess of the whole model, differences can reach bigger proportions (Fig. 3.3). 



[bookmark: _Ref159801098][bookmark: _Ref41058378][bookmark: _Toc42088525]Fig. 3.3. Midpoint analysis of three scenarios

Midpoint analysis permits to see the main categories of environmental impact from the modelled situation. 

3.2. [bookmark: _Toc162201189]Renewable energy sources

Publication 2 evaluates renewable energy technologies (RES) using a combination of AHP and TOPSIS methods and technical, economic, environmental, and social criteria. To indicate the needs, potential barriers, and position of enterprises on renewable energy, an enterprise survey was conducted. The survey results from 146 enterprises were compiled and analysed only in aggregate form. 

Aggregated results show that according to respondents’ answers, the top three RES technologies for which they see the highest potential in enterprises are solar energy for electricity, solar energy for heat energy, and biomass technologies. Figure 3.4 shows the rankings of all RES technologies.



[bookmark: _Ref159801255]Fig. 3.4. Ranking of RES technologies according to enterprise survey results.

In the authors’ view, the result which ranks these three technologies as the technologies with the highest potential in view of enterprises can be linked to a better understanding of technologies. 

In the TOPSIS analysis, six RES technologies were evaluated using a scale from 2 to 5, where 2 corresponds to the lowest score and 5 to the highest score and the potential of the use of renewable energy in industrial enterprises. Table 3.1 compiles the evaluation values in a decision-making matrix.

[bookmark: _Ref159801715]		Table 3.1

TOPSIS Decision-Making Matrix

		RES technology

		Aspect



		

		Technical

		Economic

		Social

		Environmental



		Biomass

		4

		3

		4

		5



		Solar PV panels

		5

		4

		5

		4



		Solar thermal

		4

		3

		5

		4



		Waste

		3

		4

		4

		4



		Wind

		3

		3

		5

		4



		Geothermal

		3

		3

		4

		4







The result of the TOPSIS analysis is shown in Fig. 3.5.



[bookmark: _Ref159801874]Fig. 3.5. TOPSIS analysis results – the ranking of RES technologies.

3.3. [bookmark: _Toc162201190]Greenhouse gas emissions

During the research on cold supply chain (Publication 1), the environmental impact of different supply chain lengths was analysed. A starting model with a rather short cold supply chain was used, only 60 km long. For research purposes, the distance of 120 km and 240 km was analysed. Distances are practically used in Latvia, and represent, for example, delivery from Riga to Liepaja. Analysis of impact and its relation to distance was carried out. As seen in Fig. 3.6, the relation is linear. In the Figure, the starting point is the base model because there was a decision not to analyse a system with an even shorter path than 60 km. 



[bookmark: _Ref159802003][bookmark: _Ref40893205][bookmark: _Toc42088529]Fig. 3.6. Impact and distance correlation.

Figure 3.6 also helps to understand the dynamics of distance impact on the international cold supply chain. Even within the EU, where distances are not so great compared with the world, delivery of a couple of thousand kilometres significantly increases the role of cold supply. As seen in Fig. 3.7, even with the delivery of 240 km, cold chain transportation has a major impact.



[bookmark: _Ref159803092][bookmark: _Ref40894373][bookmark: _Toc42088530]Fig. 3.7. Impact aggregation for a 240 km cold chain.

During the research in Publication 5, a systematic review and bibliographic analysis were conducted, and different Decision Support Tools, including calculators used for an impact assessment of the agricultural sector, were investigated. The need to access and monitor the environmental impacts of agriculture practices and services has resulted in the development of numerous GHG calculators.

The results of the TOPSIS analysis allowed the identification of the three most advisable decision-making tools for horticultural farmers. The results of the TOPSIS analysis are shown in Fig. 3.8.



[bookmark: _Ref159803236]Fig. 3.8. Comparison of ratings of GHG emission calculators.	Comment by Daina Ostrovska: Attēlā labot vertikālas ass decimālskaitļu rakstību.

The results show that the Solagro Carbon Calculator, The Farm Carbon Calculator, and Cool Farm have a higher rating and are recommended in the first place as GHG calculators for farmers. 

3.4. [bookmark: _Toc162201191]Materials and added value

In Publication 3, bio-based thermal packaging is analysed. To address the environmental issues regarding cold chain and logistics overall, green logistics approach has been implemented. Green logistics deals with reducing the negative aspects of goods transportation like noise, air pollution, greenhouse gas emissions, accidents resulting in wastage, and so on [48].

In many companies, the necessity for temperature-sensitive product transportation is so rare that it is outsourced, leaving the decision-making regarding packaging, vehicles, and the rest of logistics in the hands of another company [49].

According to Lammgard and Andersson, around 70 % of companies claim that the environmental aspect is important when outsourcing the transportation service for their goods [50].

The results of weighing are shown in Fig. 3.9.

[image: ]

[bookmark: _Ref159804916]Fig. 3.9. Weighed criteria in ascending order regarding their importance.

Using previously determined weights, the following thermal insulation materials were compared: non-woven feathers, non-woven wool, starch foam, mycelium, and polystyrene (Fig. 3.10).

[image: ]

[bookmark: _Ref159805013]Fig. 3.10. Technique for order of preference by similarity to ideal solution ranking of thermal packaging materials. Y-axis represents the proximity to ideal solution 1.

Among the thermal packaging options, the closest proximity to ideal solution (represented by 1 on Y-axis in Fig. 3.10) by applying TOPSIS method was assigned to non-woven wool, followed by feathers and polystyrene; the lowest rank was assigned to starch foam, and mycelium was second-to-last in the ranking.

Publication 6 also looks into added value in bioresources. This research delves into the potential transformation of wood chipboard into a 100 % bio-based product. Previous research has shown the possibility of the partial replacement of petrochemical-based adhesives with bio-based adhesives. Hence, previous results do not reach the policy ambitions of the Green Deal of making the Green Transition to a bio-based economy. 

The strength results of the boards whose wood particles were obtained were analysed. Initial durability results for three particle-size boards are depicted in Fig. 3.11. The highest strength was obtained for the plates with a particle size of 2.8 mm, and the highest inconsistency was detected under high-pressure board preparation for medium particle size boards. The boards prepared from the 8.0–10.0 size fraction were generally less durable than the rest, but as seen from the statistical analysis, the difference between MoR of 2.8–8.0 and 8.0–10.0 particle size boards in 660 bar pressure was not significant (P = 0.27).

The calculated standard deviations are depicted in graphs, and a confidence value of 95 % (P-value < 0.05) was used in the analysis.



[bookmark: _Ref159876414][bookmark: _Ref159876403]Fig. 3.11. Modulus of rupture depending on pressure and the particle size.

There was no significant impact of the chosen pressure extremes on board durability (P = 0.43) for the < 2.8 mm particle boards. The boards produced by applying 590 bar pressure showed significantly higher durability compared to 390 bar (P = 0.002) and 660 bar (P = 0.01) pressures. 

3.5. [bookmark: _Toc162201192]Innovations and investments

In Publication 4, the added value of bioeconomy products is analysed. Although it is established in European Union Directive 2008/98/ EK (European Parliament and Council, 2008) that production by-products are not classified as waste, in establishments, they are often considered as one and sent to waste streams or low-value streams, such as production of biogas or solid fuels [51].

Development of a bioeconomy based on skills, innovation, and investment in knowledge is inevitably required to achieve a large part of the set goals [52].

A total of 16 different production processes have been selected based on significant improvements to an existing production process: process optimization, reduction of residues, full use of added value of emissions or other production process residues, or reduction of electricity consumption and progress towards cleaner production.

In total, sixteen production processes were analysed using Fuzzy Cognitive Mapping.  It was concluded that all sixteen production processes correspond to high bioeconomy efficiency towards the goals of the Green Deal.

		Table 3.2

Usefulness of the Production Process

		Citric acid production

		0.97



		Synthesis of silver nanoparticles

		0.96



		Manufacture of composite materials

		0.98



		Nanocellulose production

		0.92



		Manufacture of toiletry from whey

		0.97



		Xylan production

		0.92



		Polykactide production

		0.97



		Manufacture of natural nettle fibres

		0.29



		Biodiesel production

		0.73



		Production of Dendrolight cellular material

		0.98



		Pellet production

		0.83



		Bioethylene production

		0.68



		Cellulose production

		0.94



		Tannin-based foam production

		0.90



		Coniferous extract production

		0.96



		Lignin production

		0.83







Considering the objectives of the study, the obtained results are reliable and objectively reflect the validity of the FCM method. This type of integrated analysis is appropriate to compare the various alternative production processes considered in the work for obtaining the best added value for bioresources.

[bookmark: _Toc162201193]Conclusions

Each sustainability dimension, according to the research framework, unlocks new bioresource usage criteria and opportunities. Conclusions are arranged according to the research framework.

Tailored life cycle inventory for both economic and environmental feasibility assessment using primary data sources from actual agricultural practices used in the Latvian context (and extendable to Northern Europe) together with in-depth data inventory from each actor involved in the cold supply chain of frozen sea-buckthorn berries was made. This ensures a specific and accurate data collection for the definition of the proposed supply chain. Within the methodology developed by merging LCC and LCA, it is possible to evaluate the overall feasibility of the cold chain. The results show that the main environmental hot spots have been identified in connection to climate change and the use of resources in the processing and stocking of production, providing important suggestions about potential improving scenarios.

Considering that the total installed solar energy capacity currently installed in Latvia is growing, the result, which, both after multi-criteria decision analysis and in the opinion of enterprises, puts solar PV as a priority technology, is favourable for support policy development. RES can and will play a significant role in the sustainable usage of bioresources.

With increased focus on sustainable agriculture and sustainable development in a sector, farm-level evaluation of GHG emissions is essential to ensure sustainable usage of bioresources. Specific GHG tools make it possible to perform calculations without a specific background on the subject. 

The production usefulness of 16 chosen bioproducts shows that the most efficient and effective production process is the production of composite materials. This result is justified by the availability of raw materials for composite materials, which are mainly by-products of other production processes: low-quality wood residues and recycled plastics.

For sustainable development, bioresources must substitute or completely exclude fossil-based solutions. With today's climate objectives, it is crucial to completely rethink construction and housing approaches by completely excluding fossil carbon from the market. Therefore, the scientific community and industry need to find working alternatives.

Research shows that thermal packaging made from expanded polystyrene is not the most preferable choice compared to some environmentally sustainable thermal packaging options. Two bioproducts outperformed polystyrene packaging in price, density, ability to hold temperature, environmental impact, and thermal conductivity. The research elucidates the discrepancy between theoretically preferable and actual choices made by logistics managers. 

[bookmark: _Toc162201194]References

[1]	J. Liao, J. Tang, A. Vinelli, and R. Xie, “A hybrid sustainability performance measurement approach for fresh food cold supply chains,” Journal of Cleaner Production, vol. 398, p. 136466, Apr. 2023, doi: 10.1016/j.jclepro.2023.136466.

[2]	J.-W. Han, M. Zuo, W.-Y. Zhu, J.-H. Zuo, E.-L. Lü, and X.-T. Yang, “A comprehensive review of cold chain logistics for fresh agricultural products: Current status, challenges, and future trends,” Trends in Food Science & Technology, vol. 109, pp. 536–551, Mar. 2021, doi: 10.1016/j.tifs.2021.01.066.

[3]	S. Taj, A. S. Imran, Z. Kastrati, S. M. Daudpota, R. A. Memon, and J. Ahmed, “IoT-based supply chain management: A systematic literature review,” Internet of Things, vol. 24, p. 100982, Dec. 2023, doi: 10.1016/j.iot.2023.100982.

[4]	V. S. Narwane, A. Gunasekaran, and B. B. Gardas, “Unlocking adoption challenges of IoT in Indian Agricultural and Food Supply Chain,” Smart Agricultural Technology, vol. 2, p. 100035, Dec. 2022, doi: 10.1016/j.atech.2022.100035.

[5]	T. Kalimuthu, P. Kalpana, S. Kuppusamy, and V. Raja Sreedharan, “Intelligent decision-making framework for agriculture supply chain in emerging economies: Research opportunities and challenges,” Computers and Electronics in Agriculture, vol. 219, p. 108766, Apr. 2024, doi: 10.1016/j.compag.2024.108766.

[6]	S. H. Vetter, D. Malin, P. Smith, and J. Hillier, “The potential to reduce GHG emissions in egg production using a GHG calculator – A Cool Farm Tool case study,” Journal of Cleaner Production, vol. 202, pp. 1068–1076, Nov. 2018, doi: 10.1016/j.jclepro.2018.08.199.

[7]	A. Dzalbs, M. Bimbere, J. Pubule, and D. Blumberga, “Environmental Impact Decision Support Tools for Horticulture Farming: Evaluation of GHG Calculators,” Agriculture, vol. 13, no. 12, p. 2213, Nov. 2023, doi: 10.3390/agriculture13122213.

[8]	M. O. Dioha, N. V. Emodi, and E. C. Dioha, “Pathways for low carbon Nigeria in 2050 by using NECAL2050,” Renewable Energy Focus, vol. 29, pp. 63–77, Jun. 2019, doi: 10.1016/j.ref.2019.02.004.

[9]	Y. Majeed et al., “Renewable energy as an alternative source for energy management in agriculture,” Energy Reports, vol. 10, pp. 344–359, Nov. 2023, doi: 10.1016/j.egyr.2023.06.032.

[10]	B. Debnath, M. S. Shakur, M. T. Siraj, A. B. M. M. Bari, and A. R. M. T. Islam, “Analyzing the factors influencing the wind energy adoption in Bangladesh: A pathway to sustainability for emerging economies,” Energy Strategy Reviews, vol. 50, p. 101265, Nov. 2023, doi: 10.1016/j.esr.2023.101265.

[11]	M. Y. D. Alazaiza, Z. Ahmad, A. Albahnasawi, D. E. Nassani, and R. A. Alenezi, “Biomass processing technologies for bioenergy production: factors for future global market,” Int. J. Environ. Sci. Technol., vol. 21, no. 2, pp. 2307–2324, Jan. 2024, doi: 10.1007/s13762-023-05211-1.

[12]	B. Wu et al., “Economic and environmental viability of biofuel production from organic wastes: A pathway towards competitive carbon neutrality,” Energy, vol. 285, p. 129322, Dec. 2023, doi: 10.1016/j.energy.2023.129322.

[13]	J. Nepal, W. Ahmad, F. Munsif, A. Khan, and Z. Zou, “Advances and prospects of biochar in improving soil fertility, biochemical quality, and environmental applications,” Front. Environ. Sci., vol. 11, p. 1114752, Feb. 2023, doi: 10.3389/fenvs.2023.1114752.

[14]	M. Barz, M. K. Delivand, and K. Dinkler, “Agricultural Wastes – A Promising Source for Biogas Production in Developing Countries of the Tropical and Subtropical Regions,” RFMK, vol. 16, no. 38, pp. 02–12, Dec. 2018, doi: 10.18845/rfmk.v16i38.3991.

[15]	P. K. Sadh, S. Duhan, and J. S. Duhan, “Agro-industrial wastes and their utilization using solid state fermentation: a review,” Bioresour. Bioprocess., vol. 5, no. 1, p. 1, Dec. 2018, doi: 10.1186/s40643-017-0187-z.

[16]	D. Shahwar et al., “Role of microbial inoculants as bio fertilizers for improving crop productivity: A review,” Heliyon, vol. 9, no. 6, p. e16134, Jun. 2023, doi: 10.1016/j.heliyon.2023.e16134.

[17]	M. Bruges and W. Smith, “Participatory approaches for sustainable agriculture: A contradiction in terms?” Agric Hum Values, vol. 25, no. 1, pp. 13–23, Nov. 2007, doi: 10.1007/s10460-007-9058-0.

[18]	M. Räikkönen et al., “A Framework for Assessing the Social and Economic Impact of Sustainable Investments,” Management and Production Engineering Review, vol. 7, no. 3, pp. 79–86, Sep. 2016, doi: 10.1515/mper-2016-0027.

[19]	M. Qayyum et al., “Advancements in technology and innovation for sustainable agriculture: Understanding and mitigating greenhouse gas emissions from agricultural soils,” Journal of Environmental Management, vol. 347, p. 119147, Dec. 2023, doi: 10.1016/j.jenvman.2023.119147.

[20]	M. T. Mellaku and A. S. Sebsibe, “Potential of mathematical model-based decision making to promote sustainable performance of agriculture in developing countries: A review article,” Heliyon, vol. 8, no. 2, p. e08968, Feb. 2022, doi: 10.1016/j.heliyon.2022.e08968.

[21]	T. Stucki, “Which firms benefit from investments in green energy technologies? – The effect of energy costs,” Research Policy, vol. 48, no. 3, pp. 546–555, Apr. 2019, doi: 10.1016/j.respol.2018.09.010.

[22]	European Commission. Directorate General for Agriculture and Rural Development., EU agricultural outlook for markets, income and environment 2022-2032. LU: Publications Office, 2022. Accessed: Feb. 24, 2024. [Online]. Available: https://data.europa.eu/doi/10.2762/29222

[23]	“pluumo – thermal packaging – powered by feathers,” pluumo. Accessed: Feb. 24, 2024. [Online]. Available: https://www.pluumo.com

[24]	“Woolcool Thermal Insulated Packaging Company | Food & Pharmaceutical,” Woolcool® Insulated Packaging | Food & Pharmaceutical. Accessed: Feb. 24, 2024. [Online]. Available: https://www.woolcool.com/

[25]	“Green Cell Foam,” Green Cell Foam. Accessed: Feb. 24, 2024. [Online]. Available: https://greencellfoam.com/data

[26]	I. Mariam, K. Y. Cho, and S. S. H. Rizvi, “Thermal Properties of Starch-Based Biodegradable Foams Produced Using Supercritical Fluid Extrusion (SCFX),” International Journal of Food Properties, vol. 11, no. 2, pp. 415–426, Apr. 2008, doi: 10.1080/10942910701444705.

[27]	“The Fungi Factory: Mycelium as a new building block for Parkstad – CORE.” Accessed: Feb. 24, 2024. [Online]. Available: https://core.ac.uk/display/219637103

[28]	E. Dieckmann, B. Nagy, K. Yiakoumetti, L. Sheldrick, and C. Cheeseman, “Thermal insulation packaging for cold-chain deliveries made from feathers,” Food Packaging and Shelf Life, vol. 21, p. 100360, Sep. 2019, doi: 10.1016/j.fpsl.2019.100360.

[29]	T. L. Saaty and M. Sodenkamp, “The Analytic Hierarchy and Analytic Network Measurement Processes: The Measurement of Intangibles: Decision Making under Benefits, Opportunities, Costs and Risks,” in Handbook of Multicriteria Analysis, vol. 103, C. Zopounidis and P. M. Pardalos, Eds., in Applied Optimization, vol. 103. , Berlin, Heidelberg: Springer Berlin Heidelberg, 2010, pp. 91–166. doi: 10.1007/978-3-540-92828-7_4.

[30]	T. L. Saaty, “DERIVING THE AHP 1-9 SCALE FROM FIRST PRINCIPLES,” 2001.

[31]	K. D. Goepel, “Implementing the Analytic Hierarchy Process as a Standard Method for Multi-Criteria Decision Making in Corporate Enterprises – a New AHP Excel Template with Multiple Inputs,” presented at the International Symposium on the Analytic Hierarchy Process, Jun. 2013. doi: 10.13033/isahp.y2013.047.

[32]	B. Adem Esmail and D. Geneletti, “Multi-criteria decision analysis for nature conservation: A review of 20 years of applications,” Methods in Ecology and Evolution, vol. 9, no. 1, pp. 42–53, 2018, doi: 10.1111/2041-210X.12899.

[33]	T. L. Saaty, “A scaling method for priorities in hierarchical structures,” Journal of Mathematical Psychology, vol. 15, no. 3, pp. 234–281, Jun. 1977, doi: 10.1016/0022-2496(77)90033-5.

[34]	D. Maletič et al., “Analytic Hierarchy Process Application in Different Organisational Settings,” in Applications and Theory of Analytic Hierarchy Process – Decision Making for Strategic Decisions, IntechOpen, 2016. doi: 10.5772/64511.

[35]	P. Cabała, “Using the analytic hierarchy process in evaluating decision alternatives,” Operations Research and Decisions, 2010, Accessed: Feb. 24, 2024. [Online]. Available: https://www.semanticscholar.org/paper/Using-the-analytic-hierarchy-process-in-evaluating-Caba%C5%82a/1d976337881910e680a609cb35c5c668c5db3ae5

[36]	A. Ishizaka and P. Nemery, Multi-Criteria Decision Analysis: Methods and Software. 2013, p. 296. doi: 10.1002/9781118644898.

[37]	H.-C. Lee and C.-T. Chang, “Comparative analysis of MCDM methods for ranking renewable energy sources in Taiwan,” Renewable and Sustainable Energy Reviews, vol. 92, pp. 883–896, Sep. 2018, doi: 10.1016/j.rser.2018.05.007.

[38]	“A multi-criteria approach to rank renewables for the Algerian electricity system,” Renewable Energy, vol. 107, pp. 462–472, Jul. 2017, doi: 10.1016/j.renene.2017.01.035.

[39]	J.-J. Wang, Y.-Y. Jing, C.-F. Zhang, and J.-H. Zhao, “Review on multi-criteria decision analysis aid in sustainable energy decision-making,” Renewable and Sustainable Energy Reviews, vol. 13, no. 9, pp. 2263–2278, Dec. 2009, doi: 10.1016/j.rser.2009.06.021.

[40]	E. Mulliner, N. Malys, and V. Maliene, “Comparative analysis of MCDM methods for the assessment of sustainable housing affordability,” Omega, vol. 59, pp. 146–156, Mar. 2016, doi: 10.1016/j.omega.2015.05.013.

[41]	A. Blumberga, D. Lauka, A. Barisa, and D. Blumberga, “Modelling the Baltic power system till 2050,” Energy Conversion and Management, vol. 107, pp. 67–75, Jan. 2016, doi: 10.1016/j.enconman.2015.09.005.

[42]	B. Kosko, “Fuzzy cognitive maps,” International Journal of Man-Machine Studies, vol. 24, no. 1, pp. 65–75, Jan. 1986, doi: 10.1016/S0020-7373(86)80040-2.

[43]	K. Okano, “Life Cycle Costing-An Approach to Life Cycle Cost Management: A Consideration from Historical Development,” Asia-Pacific Management Review, Sep. 2001, Accessed: Feb. 25, 2024. [Online]. Available: https://www.semanticscholar.org/paper/Life-Cycle-Costing-An-Approach-to-Life-Cycle-Cost-A-Okano/b34fe0c5c1ee9a42dff1466223f6f02980bd9973

[44]	D. Janz, W. Sihn, and H.-J. Warnecke, “Product Redesign Using Value-Oriented Life Cycle Costing,” CIRP Annals, vol. 54, no. 1, pp. 9–12, Jan. 2005, doi: 10.1016/S0007-8506(07)60038-9.

[45]	“Life Cycle Costing for Engineers | B.S. Dhillon | Taylor & Francis eBo.” Accessed: Feb. 25, 2024. [Online]. Available: https://www.taylorfrancis.com/books/mono/10.1201/9781439816899/life-cycle-costing-engineers-dhillon

[46]	S. Fuller and S. Petersen, “LIFE-CYCLE COSTING MANUAL for the Federal Energy Management Program, NIST Handbook 135, 1995 Edition,” NIST, Feb. 1996, Accessed: Feb. 25, 2024. [Online]. Available: https://www.nist.gov/publications/life-cycle-costing-manual-federal-energy-management-program-nist-handbook-135-1995

[47]	Stephanie Wunder et al., “REFRESH Final Results Brochure,” 2020. Accessed: Feb. 26, 2024. [Online]. Available: https://eu-refresh.org/refresh-final-results-brochure.html

[48]	R. Dekker, J. Bloemhof, and I. Mallidis, “Operations Research for green logistics – An overview of aspects, issues, contributions and challenges,” European Journal of Operational Research, vol. 219, no. 3, pp. 671–679, Jun. 2012, doi: 10.1016/j.ejor.2011.11.010.

[49]	S. Rogerson, “Influence of freight transport purchasing processes on logistical variables related to CO2 emissions: a case study in Sweden,” International Journal of Logistics Research and Applications, vol. 20, no. 6, pp. 604–623, Nov. 2017, doi: 10.1080/13675567.2017.1308472.

[50]	C. Lammgård and D. Andersson, “Environmental considerations and trade-offs in purchasing of transportation services,” Research in Transportation Business & Management, vol. 10, pp. 45–52, Apr. 2014, doi: 10.1016/j.rtbm.2014.04.003.

[51]	I. Vamza, A. Kubule, L. Zihare, K. Valters, and D. Blumberga, “Bioresource utilization index – A way to quantify and compare resource efficiency in production,” Journal of Cleaner Production, vol. 320, p. 128791, Oct. 2021, doi: 10.1016/j.jclepro.2021.128791.

[52]	A. Ruse and J. Pubule, “The Boundaries of Scientific Innovation in the EU Green Deal Context,” Environmental and Climate Technologies, vol. 26, no. 1, pp. 115–128, Jan. 2022.



Enviromental aspects





Accesibility of resources





Waste reduction





Economic aspects





Social aspects





Technological aspects





Decreasement of the impact on climate change





Emissions reduction





Innovations





Costs of exploitation 





Payback time





Usefulness





Number of new work places





Behaviour of society





Social risk reduction





Noise level





Degree of techonological complexity





Availability of technological equipment





Used area for technology





Production capacity of the technological solution





Human health	Cultivation	Logistics 	Processing	Transportation 	Stocking	15.269162652492501	3.6757211756177899	18.606626015564501	2.62115352926241	9.5692856085805307	Ecosystem quality	Cultivation	Logistics 	Processing	Transportation 	Stocking	11.289150267890401	1.19345459724375	2.7628116425767799	0.60596211496932795	1.48819736276472	Climate change	Cultivation	Logistics 	Processing	Transportation 	Stocking	12.0854976117894	3.6598923421298402	15.4468497581633	2.2713989614673502	7.9687906307263701	Resources	Cultivation	Logistics 	Processing	Transportation 	Stocking	13.1863264913345	3.7425485585018698	19.3051865696372	2.34119456640218	9.2408639208117798	Cultivation	Logistics 	Processing	Transportation 	Stocking	Total	

Cultivation	Logistics 	Processing	Transportation 	Stocking	51.830137023506801	12.27161667349325	56.121473985941776	7.8397091721012675	28.267137522883402	

µPt by functional unit









Human health	Base model	Insulation of warehouse	Truck engine EURO6	49.741949148005702	48.512195331227197	49.426935330983397	Ecosystem quality	Base model	Insulation of warehouse	Truck engine EURO6	17.339576034391499	17.300429855496301	17.290559010395	Climate change	Base model	Insulation of warehouse	Truck engine EURO6	41.432429425472499	41.407196447429001	41.169666771078802	Resources	Base model	Insulation of warehouse	Truck engine EURO6	47.8161203660041	47.816625769762602	47.511197502711298	

Base model	Insulation of warehouse	Truck engine EURO6	156.33007497387379	155.0364474039151	155.39835861516849	

µPt  by functional unit









Carcinogens	Base model	Insulation of warehouse	Truck engine EURO6	2.9945749845158498	2.9945274616350499	2.9840295231620702	Non-carcinogens	Base model	Insulation of warehouse	Truck engine EURO6	2.5585544610942699	2.5584714782217701	2.5458691743271702	Respiratory inorganics	Base model	Insulation of warehouse	Truck engine EURO6	44.050847417845198	42.8213755756083	43.760051545281698	Ionizing radiation	Base model	Insulation of warehouse	Truck engine EURO6	8.5278934811291202E-2	8.5280430046942204E-2	8.4590050968582894E-2	Ozone layer depletion	Base model	Insulation of warehouse	Truck engine EURO6	8.9440293917455293E-3	8.8222449338254405E-3	8.8840517750357895E-3	Respiratory organics	Base model	Insulation of warehouse	Truck engine EURO6	4.3749320347538499E-2	4.3718140781402799E-2	4.35109854686219E-2	Aquatic ecotoxicity	Base model	Insulation of warehouse	Truck engine EURO6	0.14460197822322801	0.144601400426879	0.14386336926743701	Terrestrial ecotoxicity	Base model	Insulation of warehouse	Truck engine EURO6	6.4500710467329698	6.4500360662715499	6.4126881381089502	Terrestrial acid/nutri	Base model	Insulation of warehouse	Truck engine EURO6	0.849292697605189	0.81018461661581598	0.84367838682213703	Land occupation	Base model	Insulation of warehouse	Truck engine EURO6	9.89561031183006	9.8956077721820108	9.8903291161964901	Global warming	Base model	Insulation of warehouse	Truck engine EURO6	41.432429425472499	41.407196447429001	41.169666771078802	Non-renewable energy	Base model	Insulation of warehouse	Truck engine EURO6	47.6674932880114	47.668000652184197	47.362925310144497	Mineral extraction	Base model	Insulation of warehouse	Truck engine EURO6	0.148627077992777	0.14862511757846	0.14827219256683599	Total	

Base model	Insulation of warehouse	Truck engine EURO6	156.33007497387399	155.03644740391499	155.39835861516801	

µPt  per functional unit









Tidal energy	0.7 %



6.8493150684931503E-3	Hydropower	1.6 %



1.5981735159817351E-2	Geothermal energy	5.3 %



5.2511415525114152E-2	Renewable part of waste	8.7 %



8.6757990867579904E-2	Wind energy	14.2 %



0.14155251141552511	Biomass (wood, straw, biogas, biofuel)	16.7 %



0.16666666666666666	Solar energy (for heat energy)	17.8 %



0.17808219178082188	Solar energy (for electricity)	35.2 %



0.35159817351598172	RES technology

RRES , %







Alternatīvas reitings 	0.31

0.94

0.34

0.48

0.16

0.16



Biomass	Solar PV	Solar Thermal	Waste	Wind	Geothermal	0.31016373986510659	0.93977695254213645	0.34056480828029045	0.48434389489686275	0.16209893673206244	0.16209893673206244	

Closeness coefficient





distance	400 %

200 %

100 %



0.23549435490943468	7.8498116566839998E-2	0	4	2	1	Change of impact, %





Distance,%







Cultivation	Logistics 240 km	Processing	Transportation 	Stocking	Human health	Cultivation	Logistics 240 km	Processing	Transportation 	Stocking	15.269162652492501	14.7028847	18.606626015564501	2.62115352926241	10.774864897850501	Ecosystem quality	Cultivation	Logistics 240 km	Processing	Transportation 	Stocking	11.289150267890401	4.7738183889999997	2.7628116425767799	0.60596211496932795	1.67568679429413	Climate change	Cultivation	Logistics 240 km	Processing	Transportation 	Stocking	12.0854976117894	14.63956937	15.4468497581633	2.2713989614673502	8.9727327574320608	Resources	Cultivation	Logistics 240 km	Processing	Transportation 	Stocking	13.1863264913345	14.970194230000001	19.3051865696372	2.34119456640218	10.405067249418	

µPt per functional unit









ALCIG	CAPRI	The Farm Carbon Calculator	IMPACCT	MILA	Cool Farm Tool	AgreCalc	Solagro Carbon Calculator	0.31298995260175827	0.48273298416717669	0.87195729791459708	0.48273298416717669	0.33282440665831137	0.87195729791459708	0.66421508405719221	0.86107121833966105	

Ci*







<	 2.8	74.484280220728493	127.00190549751638	106.51206034999018	74.484280220728493	127.00190549751638	106.51206034999018	390	590	660	479.59999999999997	747.4	536.05000000000007	2.8-8.0	29.584094825880104	90.037357061758996	196.0858765949246	29.584094825880104	90.037357061758996	196.0858765949246	390	590	660	394.06666666666661	457.58333333333331	311.84999999999997	8.0-10.0	27.122831710571781	82.247806455045861	102.19666171977759	27.122831710571781	82.247806455045861	102.19666171977759	390	590	660	212.9	352.68333333333334	254.28333333333333	Pressure, bar





Average MoE, N/cm2









2

image3.wmf

i


v


+




oleObject1.bin



image4.wmf

i


v


-




oleObject2.bin



image5.png

Life Cycle Costs

. 5 Operation,
A[C)(el‘:im:lgr(‘) :gd Co"gg:inon Maintenance and Residual costs
< Repair Costs
Research Materials Resources Maintenance Operational D;ls‘%cs;llec&s;s
: Labour
Design Construction Energy Repairs (LQ and HQ)
Rentand " Planned
licencies Water maintenance Other
Other Other materials Waste
management







image6.tmp

LCCA framework

Goal and scope definition

S

System boundaries
Cost and revenue inventory
Calculations

SR VN

Result analysis

g ¢ ¢ ¢ ¢

Interpretation







image7.png

Price

Odor

Available in multiple dimensions
Density

Resistance to humidity
Ability to hold temperature
Sustainability

‘Thermal conductivity
Vapor resistance
Reusability

Durability

Branding opportunities

0.00

0.02

0.04 0.06

0.08

0.10

0.12

0.14

0.16

0.18






image8.png

0.8

0.6

0.4

<
i

o

Feathers

Starch foam

Mycelium

Polystyrene






image1.png

LOGISTICS AND MATERIALS
PROCESSING AND ADDED VALUE
P1 (P. 3, 6)

s esions I

(P.1, 5) (P. 2)
MCDA: TRETs
- MCA
- AHP
- TOPSIS

1
2
2;
INVESTMENTS& INNOVATIONS SURVEY 23
6
4
1

35

(P. 2, 4) EXPERIMENT
FCM
LCA&LCC







image2.png







