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1. INTRODUCTION

Sustainability has emerged as a pivotal theme in the discourse of environmental
conservation and economic development in the contemporary era of rapid globalization and
technological advancement. This notion, deeply rooted in the understanding that we inhabit a
finite planet with limited resources, has evolved significantly in recent decades. The Brundtland
report defined sustainable development as “the ability to meet present human needs without
compromising the ability of future generations to meet their own”. However, the journey from
this foundational understanding to the application in specific sectors such as food supply chains
is complex and filled with nuanced challenges.

The food industry, a critical player in the global economy, exemplifies the intricate interplay
between economic growth, environmental stewardship, and social equity. The challenges in this
sector range from carbon emissions and resource utilization to food safety and waste
management, all exacerbated by the globalization-driven elongation of food supply chains
(FSCs). As international organizations and technological innovations strive to mitigate these
impacts, a coherent, quantitative approach to sustainability assessment in the FSC becomes
imperative.

Despite the acknowledgment of sustainability's importance in various industries,
methodologies for its assessment often need more contextual depth and overlook key
sustainability attributes. While crucial, the prevalent focus on financial dimensions
overshadows the even more significant environmental and social aspects. Tools like
Environmental Product Declarations (EPDs) and frameworks like the Corporate Sustainability
Reporting Directive (CSDR) are attempts to close these gaps. Yet, they often need to improve
in delivering a holistic picture of a product's or a company's sustainability.

Despite the progress made, assessing sustainability within FSCs presents unique challenges.
Traditional methods often need to capture the full scope of environmental, economic, and social
impacts. For instance, while raising consumer awareness, carbon labeling and food miles
initiatives offer a limited perspective, focusing primarily on the environmental footprint and
overlooking other crucial sustainability dimensions. Similarly, efforts to reduce food losses and
waste, though beneficial, still need to fully address the broader implications for social equity
and economic development.

Research trends in FSC sustainability have predominantly employed qualitative
approaches, with case studies being a standard methodological tool. These studies provide
valuable insights into various sustainability issues, including supplier management and
sustainable development strategies. However, they often need a consistent theoretical
framework, reflecting the growing state of this research field. Moreover, there is a pressing
need for more in-depth investigations, particularly in developing countries, where inefficiencies
in infrastructure and logistics can exacerbate food waste (FW) and undermine sustainability
efforts.

In response to these challenges, there has been an emerging consensus on the need for
holistic, multidimensional approaches to sustainability assessment in FSCs. These approaches
advocate for integrating both “hard” quantitative methods like Life Cycle Assessment (LCA)
and “soft” qualitative methods to ensure a comprehensive understanding of sustainability
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impacts. This blend of methodologies is crucial for addressing often-overlooked aspects such
as human health and the interconnectedness of dietary choices and environmental outcomes.

This Thesis posits that while well-intentioned, the current approach to sustainability
assessment in the food supply chain needs to be more cohesive and comprehensive. It contends
that there is a conspicuous absence of a standardized, quantifiable methodology that integrates
the multifaceted nature of sustainability, encompassing both environmental, economic, and
social dimensions. This research aims to architect a holistic, adaptable model for the food
supply chain spectrum by dissecting current methodologies and highlighting the disparities in
sustainability evaluation. This endeavor is academically significant and crucial for
policymakers and industry leaders in bridging the gap between theoretical sustainability
concepts and actionable, impactful measures.

In summary, the urgency of this research is underscored by the escalating demands on the
food industry to align with sustainable practices amid global environmental challenges. It
advances the premise that a comprehensive, quantitatively driven methodology is essential for
a genuine sustainability transformation in food supply chains.

1.1. Research hypothesis

This Doctoral Thesis hypothesizes that operationalizing life cycle thinking (LCT) through
an integrated framework, encompassing environmental LCA, life cycle costing (LCC), and
social life cycle assessment (S-LCA) dimensions, enables a quantitative, standardized, and
sector-specific evaluation of sustainability in food supply chains (FSCs). By addressing current
methodological gaps, the proposed approach moves beyond fragmented assessments and
provides a universally applicable, yet adaptable methodology tailored to the unique operational
and contextual features of the food industry.

Specifically, the Thesis tests the following hypotheses:

e Hypothesis 1 (H1): An integrated LCT framework can systematically identify
sustainability hotspots and intervention opportunities across different stages of
FSCs, enabling the implementation of targeted measures such as energy
efficiency improvements and side-stream valorization that can potentially
reduce environmental impacts while maintaining economic viability.

e Hypothesis 2 (H2): The life cycle sustainability tool (LCST), developed within
this research, provides a scalable, transparent, and decision-oriented mechanism
to operationalize the LCT framework. By generating standardized
environmental, economic, and social performance indicators, complemented
with economic outputs (e.g., net present value, internal rate of return), the tool

supports evidence-based decision-making across both large corporations and
SMEs.

e Hypothesis 3 (H3): The application of the LCST in real-world case studies (beef,
fish, and egg cold chains) validates its practical feasibility and effectiveness,
demonstrating its capacity to produce consistent and actionable sustainability
insights that contribute to circularity, efficiency, and alignment with EU and
global sustainability goals.

In summary, the Thesis postulates that operationalizing life cycle thinking through a
customized tool can enable consistent, actionable sustainability assessments in the food
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industry, contributing to a more circular, efficient, and environmentally responsible supply
chain system.

1.2. Objectives and tasks

The main aim of this study is to develop and validate a comprehensive life cycle thinking-
based methodology for the standardized, quantitative sustainability evaluation of food supply
chains. To achieve this aim, the study pursues the following objectives and tasks:

o Investigate current sustainability assessment methods in the food sector, paying
particular emphasis to food supply chains to identify methodological and
practical gaps, barriers to usability, and opportunities for integrating
environmental, social, and economic pillars.

e Tailor and design an LCT-based framework to address sustainability's
environmental, social, and economic dimensions, specifically contextualized for
food supply chains.

e Apply the LCT methodology to selected case studies within the food industry
(e.g., beef, fish, fruits, waste, eggs) to test assessing its ability to capture
sustainability trade-offs across diverse supply chain configurations.

e Interpretation of LCT-based methodology to identify key sustainability hotspots
in the food supply chain that help analyze and reduce environmental impacts,
minimize food loss, and enhance food quality at consumer endpoints, thus
improving the overall sustainability of the supply chain.

e Develop and validate an LCT decision-support tool designed to be user-friendly
and industry-oriented, providing insights into the environmental footprint and
economic and social performance, enabling knowledge transfer from academia
to industry and supporting decision-makers in implementing sustainability
strategies in real-world supply chains.

1.3. Scientific novelty

This Doctoral Thesis advances sustainable supply chain management by moving beyond
the established conceptual importance of sustainability and life cycle thinking, focusing instead
on operationalizing these principles into a practical, quantifiable, and industry-specific
framework for the food sector. The research introduces a life cycle sustainability (LCS)
framework that integrates environmental (LCA), economic (LCC), and social (S-LCA)
dimensions into a single multidisciplinary method, validated through real-world case studies.

The scientific novelty of this study lies in its ability to bridge the gap between theoretical
sustainability models and their practical implementation. Despite the existing fragmented or
overly simplistic approaches, the proposed framework delivers a universally applicable yet
user-friendly tool that enables both large corporations and small and medium-sized enterprises
(SMESs) to consistently evaluate and improve sustainability performance with an emphasis on
the food supply chains.

By providing key insights for supply chain actors and policymakers, the framework
supports applications at both regional and global levels. Thus, the scientific contribution of this
research is the creation of a quantifiable, transferable, and comprehensive sustainability



framework for food supply chains. This approach not only advances global environmental and
social goals but also transforms established concepts into an actionable decision-support tool
capable of driving measurable changes in industry practice.

1.4. Practical significance

This Thesis contributes novelty by transforming established life cycle thinking principles
into a practical, user-friendly framework that enables consistent sustainability assessment in
food supply chains.

More specifically, this Thesis delivers tangible practical value by bridging the gap between
academic research and real-world application in sustainable food supply chain management.
The developed LCST, grounded in a comprehensive LCT framework, has been validated
through empirical case studies in beef, fish, and egg cold chains. These applications developed
within the Thesis demonstrate the tool’s ability to identify high-impact stages of the supply
chain, quantify environmental burdens, and evaluate the cost-effectiveness of energy efficiency
measures such as anaerobic digestion and renewable energy integration.

In practical terms, the proposed LCST enables supply chain managers and decision-makers
to model different scenarios, compare environmental and economic trade-offs, and prioritize
interventions based on quantifiable sustainability performance. For instance, in the Latvian fish
cold chain case, the tool facilitated the identification of energy efficiency measures with the
potential to deliver lower environmental impacts and improved the internal rate of return

Moreover, the tool's design enables adaptation across diverse food sectors and geographies,
making it relevant for policy actors, especially under emerging EU sustainability directives and
Corporate Sustainability Reporting requirements. Its transparent output indicators and user-
friendly interface make it accessible to small and medium-sized enterprises (SMEs), addressing
a common limitation in existing LCA software.

Beyond industry use, the methodological framework and case findings serve as a rich
resource for educational programs in environmental engineering, sustainability analytics, and
supply chain management. The tool has already been incorporated into master’s theses projects
at Riga Technical University, supporting student-led sustainability evaluations in real-life
industrial contexts.

Overall, the Thesis contributes a validated, scalable, and adaptable solution to the complex
challenge of integrating sustainability into food supply chains — with demonstrable impacts at
the operational, strategic, and educational levels.
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1.5. Scope and limitations

This Thesis focuses on developing a quantitative framework for assessing sustainability in

FSCs using life cycle thinking tools. The scope of this research encompasses:

Analysis of existing sustainability assessment models: A comprehensive review
and critique of current models and methodologies in assessing FSC
sustainability.

Development of a quantitative framework: Crafting a novel framework that
integrates environmental, economic, and social dimensions of sustainability in a
quantifiable manner, specifically tailored to the unique characteristics of FSCs.
Case studies in specific FSC sectors: Applying the developed framework to
selected case studies within the FSC, covering stages such as agriculture,
processing, distribution, and retail, to illustrate its applicability and
effectiveness.

Consideration of diverse geographical contexts: While the research will aim to
be globally relevant, particular attention will be given to European supply
chains, considering data availability and the significance of the food supply
chain in those areas.

While this study aims to contribute significantly to the field of sustainability in FSCs,

certain limitations are inherent in its scope and methodology.

Data availability and reliability: The accuracy and comprehensiveness of the
sustainability assessment are contingent upon the availability and reliability of
data across different stages of the FSC.

Methodological constraints: The complexity of integrating various sustainability
dimensions into a single quantitative framework may pose challenges,
particularly in balancing depth and breadth of analysis.

Generalizability: While the framework developed in this research aims to be
adaptable across various sectors of the FSC, its applicability may vary depending
on specific industry characteristics and geographical contexts.

Temporal scope: The research will focus on current and recent data; thus, long-
term sustainability trends and future projections may not be fully captured.
Interdisciplinary challenges: Given the interdisciplinary nature of sustainability
assessment, spanning environmental science, economics, and social sciences,
synthesizing these diverse perspectives into a cohesive framework presents
inherent challenges.

The defined scope and acknowledged limitations of this research serve to clarify the

boundaries and expectations of the study. They provide a framework for the research, ensuring

a focused and realistic approach to understanding and improving sustainability in food supply

chains.
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1.6. Research framework

This Doctoral Thesis employs a structured research framework that transforms the
conceptual foundations of life cycle thinking (LCT) into a practical, operational methodology
tailored to the food industry. The framework follows a logical sequence: starting with an
evaluation of existing sustainability assessment practices, moving through the development and
application of a new methodology, and concluding with both theoretical advancements and
practical contributions. Part of the framework was developed during the author’s participation
in the Improving Cold Chain Energy Efficiency (ICCEE) project, funded by the European
Union’s Horizon 2020 research and innovation programme under grant agreement No. 847040.
This collaboration enriched the methodological design and strengthened the empirical
dimension of the study through direct industry engagement.

The Thesis is structured into five research steps, which sequentially cover the literature
review, methodology development, case study applications, results and discussion, and final
conclusions with recommendations. Each chapter builds on the previous one, ensuring a
coherent progression from the identification of research gaps to the validation and refinement
of the proposed methodology. This structure guarantees both theoretical depth and practical
relevance, culminating in a comprehensive understanding of the implications for sustainable
food supply chain management.

Figure 1.1 provides an overview of the research framework, highlighting the connections
between research objectives and the top-down methodological approach [1]. This visual
representation underscores the systematic and rigorous nature of the study, as well as its focus
on addressing critical challenges in sustainability evaluation.

The methodological choices were informed by a comprehensive literature review that
identified state-of-the-art approaches for quantitative sustainability assessment. These include
life cycle assessment (LCA), life cycle costing (LCC), and social life cycle assessment (S-
LCA), complemented by recognised impact assessment models and international standards
(e.g., ISO 14040/44 and UNEP guidelines). A concise description of these methods is provided
in Chapter 3, while their integration and application are demonstrated in the empirical chapters.
For a more detailed discussion of their theoretical underpinnings and practical implications,
reference should be made to the full text of the Thesis.
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Fig. 1.1. Research framework of the Doctoral Thesis.

The framework consists of four sequential steps.

o Step I: Literature review and bibliographic analysis.

The research begins with a systematic analysis of existing practices for sustainability
assessment in food supply chains, with particular focus on LCT-based methodologies (LCA,
LCC, S-LCA). This step identifies methodological gaps and limitations in current approaches,
establishing the research problem and defining the scope for methodological development.

o Step 2: Conceptual framework development.

Building on the insights of Step 1, a standardized, quantitative, and multi-dimensional LCT
methodology is developed. This framework explicitly integrates environmental, economic, and
social dimensions, while adapting to the operational and contextual characteristics of food
supply chains. The outcome is a sector-specific conceptual model that operationalizes LCT into
an actionable decision-support structure.

e Step 3: Application to case studies.

The proposed methodology is tested through empirical application to selected case studies
(beef, fish, and egg cold chains). These represent critical segments of the food industry, chosen
for their energy-intensive processes and sustainability challenges. The case studies serve as
testing grounds to validate the framework’s applicability, identify sustainability hotspots,
evaluate trade-offs, and propose targeted interventions for reducing environmental burdens and
improving efficiency.

e Step 4: Refinement of the LCT methodology.

Insights gained from the case studies are used to refine and strengthen the proposed
methodology. The iterative process enhances robustness, usability, and adaptability, resulting
in the development of the life cycle sustainability tool (LCST). This refinement ensures
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methodological consistency, standardized indicators, and practical relevance for both
policymakers and industry practitioners, including SMEs.
Reflecting this framework, the Thesis is structured into chapters covering the literature

review, methodology development, case study application, results and discussion, and

conclusions with recommendations. Each chapter builds on the previous, demonstrating the

interplay between theoretical reasoning and empirical validation.
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2. LITERATURE REVIEW AND RESEARCH NEED

2.1. Sustainability concept

There is a growing awareness of the planet's finite resources that underscores the need for
sustainable systems. This recognition forms the foundation of sustainability, first defined in the
1987 Brundtland Report as “the capacity to fulfill current human requirements while
safeguarding the interests of future generations” [2]. Sustainability represents the ultimate goal,
while sustainable development is the ongoing process to achieve it. The Brundtland Report
introduced intergenerational fairness but left the definition of “needs” ambiguous, raising
concerns about the relationship between economic growth and environmental impact. The
report focused on human needs without explicitly addressing the natural environment, though
it did emphasize its protection.

By 2000, a refined definition of sustainable development emerged, integrating ecological,
economic, and social dimensions and promoting social fairness without environmental
compromise [3]. From an ecological economics perspective, development is seen as enhancing
human well-being alongside sustainable natural resource use [4]. This approach necessitates
aligning environmental valuation and policy frameworks to prevent irreversible ecological
damage caused by breaking the ecosystems' carrying capacity and resilience thresholds [5].

This new perspective led to the acknowledgment of planetary boundaries [6] and the
development of the doughnut economics model, which integrates social and environmental
concerns [7] represented by social and ecological boundaries (Fig. 2.1).
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Fig. 2.1. Social shortfalls and environmental overshoot representation [7].

Planetary boundaries, defined in 2009, represent the safe limits within which humanity can
operate without disrupting Earth's systems [6]. These boundaries are crucial for understanding
environmental sustainability and setting limits for ecosystem stability. Recent research,
including work by the Stockholm Resilience Centre, has identified nine critical planetary
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boundaries, six of which have already been breached, underscoring the need for urgent global
environmental action (Fig. 2.2) [9].

In 2015, Bjorn et al. proposed integrating the planetary boundaries framework with LCA to
measure “absolute sustainability,” ensuring human activities stay within ecological limits [11].
This framework has become vital for scientists and policymakers, offering clear guidelines to
address escalating environmental challenges.
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Fig. 2.2. Current status for all nine planetary boundaries [9].
2.2. Sustainability in food supply chains

The food industry's environmental and social impacts are significant as the sector heavily
depends on land and resource use, with 70 % of the EU's land utilized for agriculture or forests,
significantly influencing rural employment and natural capital preservation. In 2012, the sector
generated over €1000 billion, contributing 12.8 % of the EU’s manufacturing value and
employing more than 4.3 million people [12], [13], [5].

Supply chains in this industry are highly complex, involving multiple stages across various
sectors, such as agriculture, aquaculture, packaging, and logistics. Hygiene and refrigeration
requirements have increased due to globalization and further escalated energy consumption and
resource use [14]. Food losses, driven by safety and perishability challenges, occur at multiple
FSC stages, exacerbating societal and environmental issues [15]-[17].

International organizations, such as the FAO and UNEP, focus on reducing food waste
through technological advancements in storage and monitoring [18], [19]. Private sector
cosmetic standards in food retail also contribute to food waste, particularly in fresh produce,
necessitating strategies for waste recovery to meet SDG Target 12.3, which aims to halve food
waste by 2030 [20]-[22].
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Supply chain management (SCM) has the potential to address both ethical and
environmental concerns across the entire supply chain [23]. However, FSC sustainability is
complicated by factors like perishability, shifting consumer preferences, and worker conditions.
Current research largely uses qualitative methods, such as case studies, to explore sustainability
issues [23]-[25], but more research is essential to better understand FSC sustainability,
particularly in developing economies where inefficiencies in logistics can amplify food waste.

2.3. Overview of sustainability methods in food supply chains

A systematic literature review on sustainability evaluation in the food industry, specifically
within FSC, was conducted using the PRISMA-2020 protocol [26], given increasing attention
on the sustainability of food systems among consumers, producers, and policymakers [27].

Sustainability research in FSC has surged in the last years, with fourteen relevant documents
identified for 2021 and 2022, marking a 250 % increase over the previous decade. A
bibliographic analysis shows that the most cited keywords in the literature are “climate change,”
sustainability,”

EENT3

“food supply chains,” and “supply chain,” followed by “life cycle assessment,
and “system dynamics.” Co-occurrence data shows that “sustainability assessment” frequently
appears alongside “food supply chain,” “local,” “global,” “food industry,” and “nutrition”
between 2016 and 2020.

Figure 2.3 highlights the prominence of combining sustainability assessments in food
supply chains with life cycle assessment methodologies. While bibliographic analysis is critical
for understanding the core concepts in a research area, a final content analysis was performed
on 95 documents, further expanding relevant literature using the Al tool Research Rabbit [28].

Fig. 2.3. Bibliographic density map.

18



2.3.1. Content analysis

A content analysis of recent studies has shown the intricate effects of food chain
configurations on health and sustainability, emphasizing the interconnectedness of dietary
choices and environmental impacts. Researchers advocate for a multidimensional approach to
sustainability assessments, incorporating quantitative methods, such as LCA. This is believed
to ensure a comprehensive evaluation of broader sustainability impacts, including often
overlooked factors like human health [29].

Manufacturing in the food sector has significant environmental, social, and economic
impacts. While existing sustainability methods largely focus on environmental factors, as
Ahmad and Wong (2019) identified [30]. Their research proposed 57 sustainability indicators,
including social, environmental, and economic factors, and employed fuzzy logic and Monte
Carlo simulations to manage the inherent uncertainties of sustainability assessments [30]. This
approach marked a shift toward more integrated and detailed evaluations of sustainability
performance in food manufacturing.

A further content analysis of 95 documents allowed the grouping of methods as presented
in Table 2.1.

Table 2.1
List of Methods in FSC Sustainability Assessment
Method # of papers Reference
[31], [29], [32], [33], [34], [35], [36], [37], [38],
LCA-based methods 26 [39], [40], [41], [42], [43], [44], [45], [46], [47],
[48], [49], [50], [51], [52], [53], [541, [55]
System dynamics-based methods 2 [56], [57]
Qualitative evaluations 6 [58], [59], [60], [61], [62], [63]
Fuzzy logic-based-methods 6 [30], [64], [65], [66], [67], [68]
Literature reviews 15 [25], [58], [69], [701, [71], [72], [73], [74], [75],
[761, [771, [78], [79], [80]
Multi-criteria decision making (MCDM) 3 [51], [53], [68]
Comparative analysis 2 [29], [81]
Case study-based methods 5 [27], [82], [83], [84], [85]
Indicator-based evaluations 3 [86], [87], [88]
Descriptive/qualitative analysis 1 [89]
Econometric/statistical models 3 [90], [91], [92]
LCC and other life cycle tools 4 [38], [48], [55], [93]
Bibliometric analysis and PRISMA 4 [24], [70], [75], [94]

The content analysis highlights several advantages of LCA, particularly its comprehensive
scope in evaluating environmental impacts throughout a whole product's life cycle [31]-[33].
LCA allows for identifying critical areas for sustainability improvements and multiple
environmental factors, such as greenhouse gas emissions and resource use, which aids in
scenario planning and long-term sustainability strategies. Thus, it is concluded that LCA is the
preferred method for evaluating sustainability in food supply chains, as seen in Fig. 2.4.
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LCA has limitations, such as its complexity, need for extensive datasets, high costs, and
computational demands, which can be challenging for smaller companies. It often focuses
primarily on environmental factors, neglecting socio-economic aspects, and is difficult to apply
across different regions or industries. Qualitative methods enhance stakeholder engagement and
interdisciplinary collaboration but face scalability issues and require context-specific
adaptations. Fuzzy logic methods address uncertainties by combining qualitative and
quantitative data, though they introduce subjectivity and inconsistencies with standard LCIA
methods.
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a% LCCand Life Cycle Tools
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Analysis
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Evaluations
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2%

Fig. 2.4. Sustainability assessment methods in FSC.
2.3.2. Industry-level sustainability evaluation methods.

Various sustainability assessment methods, such as those developed by the World Business
Council for Sustainable Development, the Global Reporting Initiative, and the OECD, are used
to evaluate company performance under the lens of sustainable development [95]-[97].
Indicators and composite metrics are increasingly recognized as vital tools for policy-making
and public communication for actionable insights [98]-[102]. These assessments guide
decision-makers in understanding integrated nature-society systems and promoting sustainable
practices [103].

Different industries approach sustainability in varied ways. For instance, the chemical
industry follows the Together for Sustainability (TfS) framework, which only evaluates GHG
emissions [104]. In contrast, the Environmental, Social, and Governance (ESG) framework has
become widespread since the early 2000s, guiding companies to manage sustainability risks
and opportunities across a range of concerns, including climate change and social justice [105],
[106]. However, ESG reporting primarily supports financial sustainability decisions and does
not directly reflect overall sustainability performance because it lacks a context-based approach
[107], [108].

New regulations, such as the EU's Corporate Sustainability Reporting Directive (CSRD),
enforce standardized ESG and sustainability disclosures, aligning with broader SDG goals
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[109], [110]. Other sectors, like construction, have adopted EPDs to provide transparent data
on products' life cycle environmental impacts, but ignore financial and social dimensions [111].

LCA tools like SimaPro and GaBi face limitations in real-time adjustments of the life cycle
inventory (LCI) and complex system boundaries, making them less practical for SMEs [110].
To encourage broader adoption of sustainability assessment tools, user-friendly, affordable, and
secure LCA software is necessary, allowing even professionals with basic LCA knowledge to
generate accurate results.

2.3.3. Food supply chain considerations

Global population growth and trade liberalization have driven FSC globalization, leading
to longer distances from production to consumption, higher resource use, and more emissions
[15], [29]. Efforts like carbon labeling and 'carbon miles' aim to raise consumer awareness, but
these initiatives only partially address the overall environmental load [112], [113].

To mitigate these effects, more sustainable FSCs are essential, as food loss has both societal
and environmental costs. The FAO, WFP, and UNEP are working to reduce food loss, which
is critical for achieving the Zero Hunger Challenge [21], [114], and new technologies, including
smart monitoring and temperature control, are key to reducing food loss while maintaining
quality [115], [116].

Consumer demand for high-quality and environmentally sound products also influences
FSC management [117]. But maintaining food quality, especially for perishable items, requires
carefully balancing safety, efficiency, and profitability. Food Waste is defined by the FAO as
food discarded due to negligence, with increasing attention on its environmental and social
impacts [121]-[123].

FW occurs at various stages, with 2540 % of waste at supermarkets often exacerbated by
retailers' rejection of edible food based on appearance [128], [130]. Globally, 30 % of food
production is lost, with the FAO reporting 1.3 billion tons wasted annually, representing a 48 %
loss in calories [135], [136].

Addressing food loss is vital for global sustainability, human health, and resource
conservation [137]. While power production receives much attention in climate change
discussions, the food system is overlooked despite accounting for 26 % of global GHG
emissions. The main contributors are livestock, fisheries, crop production, and land use [138].
Reducing food waste in supply chains is critical, as FSC activities represent 18 % of the food
industry's emissions [139].

2.3.4. Additional Sustainability Considerations

FSC’s environmental impacts are both direct, stemming from the use of resources like raw
materials and energy, and indirect, such as the effects of food waste. Today’s refrigerants used
in cold storage and transport, such as hydrochlorofluorocarbons (HCFCs), which replaced
CFCs, have a lower ODP, but come at a high global warming potential (GWP), contributing to
climate change and biodiversity loss [140], [141].
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FW also has substantial environmental consequences, accounting for 3.3 Gt of CO;
equivalent annually, making it the third-largest emitter globally, after the USA and China, from
a country-size perspective [121]. FW results in the destruction of vast amounts of water and
land, with close to 1.4 billion hectares — nearly a third of the world’s agricultural land.

FSCs face challenges due to regulatory and environmental pressures, such as traceability
and packaging standards, which vary across regions [142], [143]. Waste reduction and
packaging reuse are vital for improving sustainability in FSCs, and these efforts also impact
social responsibility initiatives [144]-[146].

Sustainability in FSCs also requires social indicators, like human rights and occupational
safety, which are hard to quantify [147]-[153]. Although natural resource management,
transport, and storage are crucial for sustainable development in the EU, more research is
needed on FSC sustainability, particularly in quantitative environmental and social impact
assessments [154], [70].

2.3.5. Research gaps

In today’s sustainability-driven context, effective tools are needed to assess and guide
sustainable practices. Traditional environmental assessments often focus on limited or short-
term impacts, missing the broader complexity of sustainability. Life cycle thinking offers a
holistic approach, assessing impacts across the full life cycle of a product or service. Unlike
traditional “cradle-to-grave” methods, LCT uses a “cradle-to-cradle” lens, covering all stages
from raw material extraction to end-of-life, and identifying opportunities for circularity and
innovation.

Despite its strengths, LCT is not widely implemented through accessible, industry-specific
tools. Existing tools often lack comprehensive data, adaptability, or usability, particularly for
SMEs, creating a gap between academic models and practical applications. There is a clear
opportunity to develop a robust, user-friendly decision-support tool based on LCT that can
identify sustainability hotspots, support targeted actions, and assess trade-offs across
environmental, social, and economic dimensions.

The literature review identifies key gaps that define the research problem and objectives.

1. Bridging theory and practice. LCT is a well-established concept, but it lacks
practical tools for real-world decision-making.

2. Integration of multi-dimensional sustainability. Most tools focus on environmental
impacts, with limited inclusion of social and economic aspects aligned with SDGs,
CSRD, and ESG frameworks.

3. Industry-specific contextualization. Generic tools don’t address unique challenges
of food supply chains such as perishability, refrigeration needs, and high food waste,
highlighting the need for tailored approaches.

4. Operationalization of planetary boundaries and absolute sustainability. These
concepts are acknowledged in theory but rarely applied at the product or process
level, limiting their use in aligning supply chains with global sustainability limits.
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These gaps highlight the need for a comprehensive, practical, sector-specific LCT-based
methodology that supports sustainability assessment and improvement across food supply
chains.
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3. METHODOLOGY

This Thesis proposes a novel approach for the sustainability assessment of FSCs based on
LCT methodologies. The aim is to improve existing approaches by providing a broader
perspective on sustainability issues and supporting collaboration among different actors within
the FSC for a more consistent evaluation. The research follows a quantitative methodology to
test the central hypothesis, structured into four main steps, from defining the research problem
to developing an LCST prototype and final documentation, including this Thesis. A visual
representation of the methodology is provided in Fig. 3.1.
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Fig. 3.1. Research framework and methods of the Doctoral Thesis.

Following an initial assessment of sustainability methodologies in the food industry, the
research problem was defined alongside the development of the ICCEE project. A literature
review was then conducted to examine the current state of sustainability in the sector, leading
to the formulation of the research scope, hypothesis, and main objectives. While these stages
are presented sequentially, they were not strictly linear, as revisiting objectives and scope is
common in quantitative research [156].

During this phase, various food supply chains were analyzed to identify key sustainability
hotspots. This informed the development of a dynamic tool designed to capture supply chain
complexity and assess sustainability across multiple dimensions.

The final phases focused on analyzing case study results, refining the life cycle
sustainability tool (LCST), and validating its functionality. The outcomes supported the
creation of a final tool version capable of delivering the intended results.

This study follows a top-down research approach, starting from broad concepts and
progressively focusing on specific elements. Key characteristics of this method include:

* beginning with overarching theories or frameworks and narrowing down to specific case
studies;

« use of established theories to inform data collection and analysis;

* a structured, linear methodology moving from general to specific;

* emphasis on macro-level trends and principles in early stages;
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« early findings guide the direction of more detailed subsequent research.
This approach is common in policy, economic, and social research, and was applied here to
move from general sustainability frameworks toward a targeted solution for food supply chains.

3.1. Research methods

The research methods are described in the following sections.

3.1.1. PRISMA Protocol

This Thesis applied the PRISMA methodology to guide the bibliographic and content
analysis presented in the Literature Review (Fig. 3.2). The PRISMA-P protocol supports
transparency, consistency, and completeness in systematic reviews by preventing arbitrary
decisions and promoting clear documentation. It includes a 17-item checklist for structuring
review protocols [28]. Widely accepted in the research community, PRISMA assists authors,
reviewers, and funders in developing rigorous reviews. Recent updates in PRISMA 2020 reflect
advancements in review methods and incorporate user feedback to improve its effectiveness
[157], [158], [26].
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Fig. 3.2. Systematic Literature review scheme following the PRISMA protocol.
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3.1.2. Environmental LCA

Environmental LCA is essential for evaluating ecological impacts across the full life cycle
of products and processes. Unlike carbon footprint, which focuses on a single impact, LCA
covers multiple categories such as global warming, resource depletion, and ozone depletion
[159], [160], [66]. The methodology follows ISO standards 14040:2006 and 14044:2006,
comprising four stages: goal and scope definition, LCI, LCIA, and interpretation. This structure
supports informed sustainability decision-making [161], [162].

LCA now addresses broader concerns like climate change, biodiversity loss, and pollution,
extending its application from product-level to system-wide assessments vital for
decarbonization and circular economy strategies [163], [164]. Recent developments highlight
the integration of other assessment methods into LCA, though greater standardization is needed
to ensure consistency and comparability [37], [164]. Connecting LCIA results to planetary
boundaries is increasingly important for evaluating sustainability in the agriculture and food
sectors [41], [165], [166]. Arias et al. demonstrated this by linking planetary boundaries to LCA
in the wood-based bioadhesive sector, underscoring the importance of such integration [165].

Ensuring sustainable practices within Earth’s safe and just limits requires stakeholder
collaboration and robust, transparent methods that account for assumptions and uncertainties
[167], [168].

In this research, the environmental LCA followed the ISO 14040 and 14044 frameworks
across all case studies, implemented using the SimaPro software with a predefined LCIA
method. Although each case was conducted independently, all adhered to the same
methodological structure. The LCST focuses on evaluating environmental impacts up to the
product use phase. The specific LCIA method used in the tool is detailed in Subsection 5.1.1.

3.1.3. Life cycle costing

LCC accounts for all costs across a product or project life cycle, including suppliers,
producers, consumers, and end-of-life (EoL) actors. Evolving from project appraisal, LCC now
supports environmental impact assessment, sustainability analysis, LCA, and societal
assessments. Traditional cost methods may omit EoL costs or environmental considerations, so
LCC should cover the full life cycle and, as needed, extend system boundaries to environmental
and social factors [169].

Figure 3.3 presents three LCC approaches: conventional (C-LCC), environmental (E-LCC),
and societal (S-LCC). C-LCC focuses on costs to the producer or user, often excluding EoL
and other stages, which limits compatibility with LCA [170]. E-LCC aligns system boundaries
and product models with LCA, includes supplier-chain costs typically omitted by C-LCC, and
serves as a complementary component within sustainability assessments rather than a
standalone method [163], [171], [172].

E-LCC, combined with LCA, is used to compare life cycle costs, identify direct and indirect
cost drivers, estimate improvements from product modifications, and reveal win-win options.
It follows goal and scope definition, data collection, interpretation, hotspot detection, and
sensitivity analysis, with quantitative and qualitative interpretations that include investment
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appraisal tools and nonmonetary factors such as market type and sales volume [170], [171].
Like LCA, E-LCC uses direct cost data per unit process. Indirect costs in complex settings may
require activity-based costing. Costs for materials, energy, and operations are aligned with LCA
reference flows [170], [173], [174].

Further External Cost

To Be Internalized External Cost

i i
1 1
i i
i i
i i
1 Internal Cost 1
i i
i i

|
i Knowledge Production of Materials or Use and End-of-Life !
! Development Components Manufacturing Maintenance Management !
i i
i i
i i
i i

—— Conventional LCC: Assessmentof internal costs, mostly without EoL costs; no LCA

----  Environmental LCC:Additional assessment of external costs anticipatedto be internalized
in the decision relevant future.

— Societal LCC: Additional assessment of further external costs

Fig. 3.3. System boundaries for different LCC approaches [170].

S-LCC extends beyond E-LCC to include costs borne by all social actors and externalities
such as public health and environmental impacts, which is relevant for corporate social
responsibility and public decision-making [169], [171], [172], [175]. LCC modelling follows
economic cost categories, life cycle stages, and activities, allocating indirect costs with physical
or financial parameters. In FW studies, stakeholders differentiate expenses along the supply
chain to assess prevention and management options aimed at reducing FW and improving
efficiency [169], [170].

In this research, LCC complements LCA to evaluate the economic sustainability of food
supply chains, although integration with LCA remains methodologically nonstandard and
multi-dimensional, particularly for food products and FW management [169], [176]. The
preferred approach is E-LCC, which covers costs borne by life cycle actors and externalities
expected to be internalized in the decision-relevant future, consistent with [170].

Some important aspects for implementing E-LCC in this study are:

e Cut-off criteria: use an environmental cut-off. Exclude cash flows for processes such
as labor and capital. Include only cash flows linked to material flows such as energy,
fuels, and materials.

e Cost modeling by activity or stage, focusing on the material flows considered. This
yields a cold chain cost per product within E-LCC.

e Externalities such as investment costs and the monetary valuation of environmental
impacts, using a standard economic conversion factor, can be included under E-
LCC.

e A steady-state model is required, since most LCA applications lack temporal
specification and assume constant technologies [177].
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o For future scenarios that include energy efficiency investments, use socio-economic
indicators such as cost/benefit ratio or net profit.

e E-LCC’s main advantage over conventional LCC is its consistency for sustainability
assessments, since some external costs are internalized. It supports internal decision-
making and external communication, similar to LCA.

e Assessed cost categories: development, materials, energy, transport, and emissions.

Consistent with the LCA system boundaries, the E-LCC goal in the study cases and tool
development is to identify the economic impact of energy and material flows in food supply
chains. The scope supports decision-making by comparing scenarios with and without energy
efficiency measures. As shown in Fig. 3.4, the system boundaries begin after the final product
is stored in the manufacturer’s warehouse. To enable single-actor evaluation, C-LCC is also
applied, with boundaries focused on the processing stage, as in Fig. 3.4.

For tool users, the aim is to simplify LCC evaluation and reveal the benefits of flow changes
due to energy efficiency measures. With the environmental cut-off, CAPEX and OPEX
calculations are avoided by assessing only material and energy flows per functional unit.
Scenario impacts are reflected in those flows, including energy, fuels, refrigerants, and
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Fig. 3.4. Evaluated C-LCC system boundaries.
3.1.4. Social LCA and its challenges

The social pillar prioritizes basic needs and fair access to sustainable development benefits.
Persistent issues include inequality, human rights violations, malnutrition, limited access to
clean water, disease, illiteracy, refugee crises, and gender inequality. The SDGs and ISO 26000
address these challenges [20]. Technological change and population growth intensify
environmental and social pressures, risking growth that depends on material and energy use. A
reduction, reuse, and sharing paradigm is needed to build a bioeconomy that decouples well-
being from environmental degradation, supported by collaboration among researchers,
industry, consumers, and policymakers [178].
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Social impact assessment captures qualitative aspects of sustainability and diverse
stakeholder views. Social life cycle assessment (S-LCA), as an extension of LCA within LCT,
evaluates social impacts of products and services [179]-[182]. UNEP, SETAC, and the Life
Cycle Initiative provide S-LCA guidelines that classify six stakeholder groups, define impact
subcategories, and specify indicators using inventory data. Current practice follows goal and
scope, S-LCI, S-LCIA, and interpretation, identifying stakeholder social subjects and key
decision issues [183]-[185].

Communicating social implications supports responsible consumption and production.
Uses vary across businesses, consumers, and NGOs. In firms, S-LCA informs socially
responsible practices and competitive strategy; approaches include innovation, choice
manipulation, and choice editing, with community benefits such as market creation and talent
retention [186], [187]. NGOs raise awareness of harms such as child labor and unsafe
conditions, while multi-actor collaboration has shaped international responsibility frameworks
[42], [180], [188].

Because impact pathway standards in S-LCA are limited, the reference scale is often used
in research, but it is semi-quantitative and does not follow the input-output transformation used
in LCIA for LCA or LCC [183]. Implementing the UNEP reference scale requires qualitative
tools such as interviews and context-specific analysis, which complicates integration into the
LCST. This project, therefore, adopts an approach aligned with the S-LCA methodology
(Subsection 5.1.3) within the LCST, allowing the practitioner to include willingness to pay for
externalities such as global warming potential and, by agreement among partners, human health
effects or ecosystem damages. This choice affects life cycle costs and the environmental
assessment, with safeguards to avoid double-counting. The approach reflects the social cost
concept, including the social cost of carbon dioxide, which monetizes damages per additional
metric ton of CO; and has risen with improved models, influencing climate policy appraisals
[189].

3.1.5. Life cycle sustainability assessment

An LCT approach was implemented in parallel with the ICCEE project, which supports
energy efficiency in food and beverage cold chains through supply chain energy assessments.
Although ICCEE focuses on cold chains in the food sector [190], this Thesis approach applies
to any food supply chain, refrigerated or not. The research adopts a chain-level perspective to
expand opportunities for energy efficiency.

The work integrates food and beverage supply chain characteristics into an analytical
decision-support tool with tailored energy performance analyses across stages such as raw
material preparation, logistics and warehousing, production and processing, and packaging. To
aid updates of energy efficiency measures and decision-making on energy-saving potential, a
dedicated cold supply chain energy efficiency tool was designed and delivered.

Environmental LCA, LCC, and S-LCA were applied simultaneously and consistently across
case scenarios, following a standardized procedure. Detailed case descriptions are provided in
Section 4.1. Anticipated LCT benefits include:
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e supporting choices that account for environmental, economic, and social impacts
across the life cycle;

o allocating responsibilities across design, production, and consumption;

e enabling long-term decisions across air, water, and land;

e guiding eco-design toward cleaner products and processes;

e enhancing H&S, risk, and quality management;

e supporting governmental initiatives that protect the environment and society;

e informing consumers on purchasing, transport, and energy choices, encouraging
engagement with industry and government.

LCT clarifies trade-offs and synergies among life cycle stages, enabling process
optimization for near-term and long-term sustainability. A comprehensive view prevents
shifting burdens and embeds environmental factors in decision-making.

LCA underpins ecodesign and manufacturing, with recent integrations covering production
equipment, technical services, and energy supply. LCSA helps identify sustainability hotspots
in goods and processes [191]-[193]. LCA’s versatility spans sectors [194], including
pharmaceuticals, where it guides lower-impact chemical processes [195], and construction,
where it informs materials, waste management, and infrastructure impacts [196]-[200].

Building on Section 2.5 (“Research gaps™) and tests in [96], this work proposes a
sustainability assessment method based on LCT tools, aligned with the Thesis hypothesis and
objectives. The focus extends beyond carbon to ecological, social, and economic pillars, with
attention to unintended consequences that often burden poorer nations [201], [202]. Holistic
actions yield co-benefits, such as reducing overconsumption, supporting local businesses, and
strengthening education [61], [203]-[205]. Ecosystem regeneration practices enhance
biodiversity and carbon sequestration [206], [207]. A holistic perspective is essential to align
human activity with the ecosphere [208].

Although LCSA lacks a unified framework, Fig. 3.5 outlines the main impact indicators.
The mind map draws on common environmental midpoint categories from LCIA, LCC
indicators [170], and S-LCA indicators from UN guidelines [183], [209]. LCSA supports
transitions in the energy sector by clarifying challenges, methods, and indicators [210]. Food
LCA spans upstream and downstream processes [17], with growing use of LCT to cut
environmental and social impacts and a rise in n-LCA that integrates nutrition into assessment
[211]. Given the agri-food chain’s complexity, harmonized measurement and full life cycle
perspectives are needed to apply circular economy principles, and lifecycle-based dashboards
have been proposed for cross-sector testing [212], [213]. Environmental assessment in agri-
food has expanded markedly since the 1970s, reflecting the evolution of LCA in this sector
[214].
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Fig. 3.5. Life cycle sustainability assessment KPIs.

Adoption of life cycle thinking across industries reflects growing recognition of the need
for comprehensive environmental impact evaluation. LCT supports innovation and informed
decisions aligned with global sustainability goals and should continue to evolve and be applied
across sectors. Content analysis in the literature review indicates the need for a more
comprehensive, iterative LCSA framework. The proposed framework accommodates different
research objectives across topics and activities and is presented in Fig. 3.6.
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4. RESULTS AND DISCUSSION

The methodological approach was tested in several micro case studies, thanks to the
development of the ICCEE project [215]. In each developed case, a thorough analysis of the
supply chain energy performance (and the parameters influencing it) was needed to understand
where the energy consumption comes from and how to reduce it at the different stages of the
food and beverage supply chain.

It is worth noticing that the impact assessment methods for LCA or LCC types were not
always the same in all case studies. This was done to test different methods and evaluate the
advantages and shortcomings of each one of them. The learnings from this process were later
considered for the definition of the LCST framework implemented in this research.

4.1. Case studies description and main results

Four case scenarios were developed and tested during the research and development of a
sustainability framework, some represented in published scientific papers and others during the
supervision of the master’s thesis. The following sections present a brief description of the goal
and scope, functional unit, system boundaries, and central aspects of the life cycle inventory.
For a full description of the methodology and results of each case scenario, please refer to the
annexed papers.

4.1.1. Beef supply chain

This study evaluates the environmental impacts of a regional and local beef cold chain
within a European context. The beef cold chain is complex, involving various stages such as
slaughtering, processing, storage, and transportation across different geographical areas. Four
scenarios, including a baseline, were analyzed to compare their performance (detailed in
Article 1):

1) baseline scenario;
2) energy recovery scenario: converting biowaste into biogas with cogeneration
of heat and power (CHP) (EEM-1);

e 3) renewable energy use: integrating photovoltaic solar energy (EEM-2);

e 4) efficient compressor replacement (EEM-3).

The study models these supply chains without including the end consumer stage due to its
variability. Both the regional and local beef cold chains, including post-processing storage,
transportation from the farm to the slaughterhouse, from the slaughterhouse to processing,
processing to a central distributor, and then to wholesale and retail (see Fig. 4.1).

In this study, the functional unit (FU) is defined as 1 kg of beef delivered to the wholesaler
or retailer. All reported values, including energy consumption, packaging, waste, water usage,
and transportation, are normalized to 1 kg of product.

A distinction is made between regional and local supply chains. The regional cold chain
begins with breeding in Villareal, Spain, followed by slaughter in Tarragona (200 km transport
distance), and meat processing and storage in Lleida (100 km distance). From Lleida, the beef
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is transported 1240 km to Florence, Italy, for distribution, with a final 20 km transport to
supermarkets within Florence.

I
| |
} Breeding and Transport Processing and Refrigerated |
| slaugthering P storage transport [
I
I
I
‘ \—‘
| |
\ . .
. Refrigerated Storage at dist. |
I Retailer st .
| < etarier storage transport to retailer center \
I

Fig. 4.1. Beef supply chain.

The local cold chain begins with breeding in Tolmezzo, Italy, followed by slaughter in
Castelfranco Veneto (200 km transport distance), and processing in Verona (100 km distance).
From Verona, the beef is transported 500 km to Rome's distribution center, with a final 20 km
transport to local supermarkets. Data for this study were obtained from two Italian processing
companies involved in cutting, freezing, and packaging beef. The LCI details are provided in
Table 4.1.

Table 4.1
LCI for the Processing Stage in the Beef Supply Chain
Material Regional Local
Output - frozen meat (beef), kg 1.0 1.0
Output - meat organic waste, kg 0.66 0.66
Input - raw meat, kg 1.66 1.66
Thermal energy, MJ 2.391 2.391
Electricity, kWh 0.14742 0.12346
Tap water, kg 0.013 0.0042
Packaging material - polyethylene, low density, granulate, kg 0.000056 0.000066
Packaging film, low density polyethylene, kg 0.0046 0.00583
Occupation industrial area, m? 0.000221833 0.00031
Table 4.2
LCI for Storage at the Distribution Center in the Beef Supply Chain
Material Regional Local
Output — frozen meat, kg 1.0 1.0
Input — frozen meat, kg 1.0 1.0
Electricity, kWh 0.01957 0.01957
Tap water, kg 0.034463 0.0282
Occupation industrial area, m? 0.000002712 0.000002712
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Table 4.3
LCI for Storage at the Retailer for the Beef Supply Chain

Material Regional Local
Output — frozen meat (beef), kg 1.0 1.0

Input — frozen meat, kg 1.0 1.0
Electricity, kWh 0.04 0.04
Occupation industrial area, m? 0.000042462 0.000042462

Main findings. A total environmental impact of 140 mPt was found for the regional supply
chain scenario. The most relevant stages are transported from the processing facility to the
distribution center, followed by the processing phase.

When looking at the areas of concern, the environmental burden is mainly on climate
change and resource consumption and slightly less on human health, leaving the ecosystem
quality only mildly affected. The results of the local beef supply chain are similar since most
activities require similar energy consumption and are performed very similarly. Nevertheless,
the shorter distance for transport activities, especially for reaching the distribution center after
processing, makes this supply chain less environmentally intense, with a total score of 90 mPt
(see Fig. 4.2).

Additionally, the study revealed that EEM-1 provided environmental benefits in all areas
of concern, while EEM-2 and EEM-3 showed minimal improvements compared to the baseline.
EEM-1 could also offer environmental credits by reducing electricity consumption from fossil
fuels and hydropower land use [218]. The shorter transport distances in the local supply chain,
combined with EEM-1, resulted in a negative environmental score, indicating an overall
benefit.

Single Score uPt

o 20 40 60 g0 100 120 140 160

B Regional FSC B Local FSC

Fig. 4.2. Weighted results across different EEMs in the local supply chain.

The case study also conducted an LCC to compare the economic performance of the
different EEM alternatives. Sensitivity analysis showed that fluctuations in beef market prices
could impact the internal rate of return or profit index, assuming constant production capacity.
The net present value (NPV) analysis indicated that EEM-1 was the most economically
favorable option. Further details can be found in Article 1.
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4.1.2. Fish supply chain

This case study focused on the Baltic region, specifically Latvia, which receives EU
financial support to implement the Common Fisheries Policy (CFP) [217], [218]. In 2019,
Latvia's fish production reached 110,200 tons of live weight, with the aquaculture sub-sector
contributing 626.4 tons of fish and crustaceans [219], [220]. Despite the fish sector's importance
in the Latvian economy, its environmental impact remains unassessed.

A baseline scenario was developed for chilled Latvian cod, and two specific energy
efficiency measures were explored along the cold supply chain. The business-as-usual scenario
assumes that cod is exported to other countries within the European Economic Area. Figure 4.3
presents the system boundaries for this case scenario, which were defined based on LCA studies
of fish products in the European context [221]-[223].

| I
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\ \
\ T \
| |
| |
! Retailer stor ‘
| e.tal er sto .age/ Transport to retaile |
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Fig. 4.3. Fish supply chain system boundaries.

It was assumed that the fishing vessels would dock at the port of Ventspils, a key location
in Latvia known for its traditional fishing activities. All processing required to produce filleted
codfish is assumed to occur in Ventspils, with no downstream waste occurring.

The environmental conditions for transporting the fish are at —2 °C for superchilled cooling
technology and +2 °C for chilled conditions. Diesel consumption for the auxiliary unit is
estimated at 3.68 kg/h. The refrigerant used is R-134a, with an annual precharge of 6.5 kg and
a leakage rate of 10 % per year. A summary of the collected LCI is presented in detail in
Article 3.

A C-LCC approach was used to compare two EEMs against the baseline scenario. The first
scenario (EEM-1) involves anaerobic digestion (AD) with a CHP plant, while the second
(EEM-2) models a photovoltaic plant at the retailer facility, supplying 20 % of its electricity
consumption.

Main results: The environmental profile of the model was evaluated using the IMPACT
2002+ method, which provides results at both mid-point as recommended by ISO 14044 (see
Table 4.4) and end-point categories [163].

Figure 4.4 presents the results at the end-point category level. The identified hotspots are
the storage at the supermarket/retailer, processing stage, and transport under superchilled
conditions, especially in the areas of the use of resources, human health, and climate change.
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Table 4.4
Mid-Point Category Results for the Baseline Scenario

Tmpact T ¢ Distributi T t
mpac Unlt Processing ) raﬂspor 1Stributio -ranspor Retailer
category to distr. center n center to retailer
Carcinogens kg C,H;3Cl eq 4.8E-03 8.6E-04 1.4E-06 1.8E-04 1.8E-03
Non-
on kg C:HsCleq 32E-03 3.1E-03 1.7E-06 6.4E-04 23E-03
carcinogens
Respirat
~espiratory kg PM2.5 eq 1.5E-04 1.4E-04 13E07 2.9E05 1.8E-04
morganics
o
onizing BqC-14 cq 0.91 117 0.00 0.24 2.66
radiation
Ozone layer
; kg CFC-11 eq 9.9E-09 2.7E-08 24E-11 5.6E-09 3.3E-08
depletion
Respirat
esplatory kg C:H, eq 1.1E-04 73E-05 42E-08 1.5E-05 5.7E-05
organics
Aquati
duatie ke TEG water 14.33 15.75 0.02 3.23 2341
ecotoxicity
Terrestrial
erresta kg TEG soil 3.86 11.54 0.00 236 551
ecotoxicity
Terrestrial
errestria kg SOs eq 23E-03 3.1E-03 2.9E06 6.4E-04 4.0E-03
acid/nutri
Land occupation mPorg.arable 1.6E-02 1.7E-02 3.5E-05 3.4E-03 4.8E-02
Aquati
Aduatie ke SO, eq 6.85-04 5.85-04 84E-07 1.2E-04 1.1E03
acidification
Aquati
duatic kg PO, P-lim 2.1E-05 1.4E05 1.2E-08 2.8E-06 1.7E-05
eutrophication
Global warming kg CO, eq 0.17 0.15 0.00 0.03 0.21
Non- bl
on-renewable MJ primary 3.90 238 0.00 0.49 3.60
energy
Mineral
MJ surplus 47E-03 1.6E-03 1.1E-06 3.3E-04 1.4E-03

extraction

The processes with the leading environmental burden are the electricity consumption at the
retailer, the vehicle utilization for transport to the distribution center, the slaughterhouse waste
treatment, and the use of the chosen packaging material for the fish fillets at the processing
stage (see Fig. 4.4). Compared with other stages, the low impact delivered by the transport to
the retailer (also known as food miles) aligns with the discussion summarized in the study by
Coley et al., 2013 [224].

80

60 -
% 40
20
0

Processing Storage at Storage at  Transportto  Transport to
Distribution Retailer Distribution Retailer
Center Center
@ Climate change @ Ecosystem quality ® Human health @ Resources

Fig. 4.4. Single score results for the baseline scenario.
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The considered EEMs in this case study are the following:
e energy recovery from biowaste (EEM-1);
e electricity production from a PV system (EEM-2).

Figure 4.5 presents a scenario comparison at single score results, with the baseline scenario
having the highest impact. The EEM-1 has the highest potential to reduce the total
environmental impact delivered by the fish supply chain in the context evaluated. While the
EEM-2 would result in a total saving of uPt (6.8 %), the EEM-1 could potentially reduce the
impacts by 69.2 pPt (34.3 %) in this FSC.

200

uPt

100

Total Baseline Total EEM-1 Total EEM-2

@Climate change ®Ecosystem quality @Human health @Resources

Fig. 4.5. Single score comparison results for the three supply chain scenarios.

A sensitivity analysis was performed to determine the impact of independent input
parameters on the single score result. The two independent variables are the transport distance
from the processing plant to the central warehouse and the energy consumption at the processor
unit process. These variables were chosen considering the impact they both deliver to the
overall baseline scenario.

The scenarios considered for the sensitivity analysis are the decrease and increase of 5 %,
15 %, 30 %, and 50 % in each selected variable. The relative change in the output is calculated
as follows:

— (So=s1) D

C.
T So

where

¢ — relative change;

so — model score at the baseline scenario;
s1 — model score under the new scenario.

These changes are presented in Fig. 4.6. The highest and lowest single score is obtained

when the transport distance increases and decreases by 50 %, while a small relative change is
observed as a function of energy consumption at the processor.
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Fig. 4.6. Relative output changes depending on influencing factors.

A C-LCC evaluation compared the baseline scenario with two proposed EEMs using three
economic indicators. Due to the lack of primary cost data, secondary data (budget costs) was
used for the analysis (details in Article 3). Results, summarized in Table 4.5, indicate that while
both EEMs show economic feasibility, EEM-1 is the most attractive option, supported by the
NPV, internal rate of return (IRR), and profit index (PI) indicators.

Table 4.5
Economic Indicators Comparison in the Fish Supply Chain
Economic indicator EEM 1 EEM 2
NPV € 520,786 € 65,601
IRR 14.38 % 9.92%
PI 1.95 1.25

The results of this case scenario demonstrate how combining LCA end-point category
scores with C-LCC economic indicators can assist supply chain managers and actors in making
informed decisions. However, further studies on FSCs and advanced cooling technologies are
needed to fully grasp the potential for energy efficiency measures.

4.1.3. Eggs supply chain

Latvia is a key producer of eggs and egg products in Northern Europe, but no prior studies
have evaluated the environmental impacts of this industry locally. To address this gap, a case
study was conducted on eggs produced in Latvia and transported to European nations [225]",
using the specific product category rules (PCR) framework developed for EPDs [226]. The aim
was to identify the life cycle stages with the highest environmental impact, suggest ways to
mitigate these effects, and compare egg-laying types with other research.

This study assesses the entire supply chain, including chicken transport, production,
packaging, and distribution to retailers, but excludes transportation to households and waste
disposal. The FU is defined as 1 kg of eggs (types No. 1, No. 2, and No. 3) at the retailer, with
~ 17 eggs per kg, including packaging. Upstream processes were analyzed for mass and energy

IThis research and Master’s thesis were co-supervised by the author of this Doctoral Thesis as part of his Doctoral Research.
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balances, considering waste generation at each stage following the polluters pay principle.
Following the PCR methodology, the life cycle was divided as presented in Fig. 4.7.

Foreground system

Food production

Chicks

Eggs production

Transport to
distribution center

Sorting and
packaging

Fig. 4.7. Eggs supply chain system boundaries.

For the LCI, the company provided primary data for the three types of eggs it produces:

No. 3 — cage-laid, No. 2 — barn-laid, and No. 1 — free-range eggs. The data reflects operations

under their control, including details about the hens' living conditions — cages for No. 3 eggs,

barn roaming for No. 2 eggs, and open-air access for No. 1 eggs, with a minimum of 4 m? of

outdoor space per hen. A detailed summary of the LCI is provided in Tables 4.6—4.8.

Table 4.6
LCI of Materials per Egg Type

Inputs Weight Eggs No.3 Eggs No.2 Eggs No.1

‘Wheat kg 1.19 1.33 1.55

Sunflower slits kg 031 0.35 040

Barley kg 0.29 0.32 0.37

Corn kg 0.24 0.27 0.31

Calcium kg 0.24 0.27 0.31

Soy kg 0.12 0.13 0.15

Plastic boxes kg 0.01 0.01 0.01
Paperboard boxes kg 0.07 0.07 0.07
Transport of plastic boxes (1350 km) kg*km 7.7 7.7 7.7
Transport of paperboard (1414 km) kg*km 99.0 99.0 99.0
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Table 4.7
Core Process LCI

Inputs Units Eggs No. 3 Eggs No. 2 Eggs No. 1
Food processing

Water m? 3.69E-05 3.687E-05 3.67E-05

Electricity MWh 1.64E-05 1.922E-05 1.96E-05

Natural Gas MWh 1.03E-05 1.033E-05 1.03E-05
Egg production

Electricity MWh 1.29E-04 9.972E-05 2.10E-04

Natural gas MWh 1.23E-04 7.364E-05 5.13E-05

Water m? 4.09E-03 3.21E-03 3.85E-03

Diesel (internal) Euro4 vehicle 1 1.40E-03 1.40E-03 1.39E-03

Egg sorting and packaging
Electricity kWh 2.19E-02 2.19E-02 2.19E-02
Natural gas kWh 1.48E-02 1.48E-02 1.48E-02
Wastewater treatment
Wastewater treatment liters 6.70E-02 6.70E-02 6.70E-02

The inventory covers essential inputs such as 1-day-old chickens transported from

Germany, processed grain feed, water, energy for sorting and packaging, and manure and

wastewater management across the company’s five locations (Bene, Jelgava, Iecava, Madona,

Daugavpils). No allocation was needed; the only cut-off points were for losses: less than 1 %

for chicken losses during transport, hen house egg loss, and packaging losses.

Table 4.8
Downstream Process LCI
Inputs Units Eggs No. 3 Eggs No. 2 Eggs No. 1
Transport to distribution center
Egg transport Latvia 50 km (25 %) 12.5 kg/km 12.5 kg/km 12.5 kg/km
Egg transport LT.EE 300 km (25 %) 75 kg/km 75 kg/km 75 kg/km
Egg transport EU 1500 km (50 %) 750 kg/km 750 kg/km 750 kg/km
Manure (avoided emissions)
Manure 1 1.55E+00 1.55E+00 1.55E+00
Land use
Land use ha 0 0 2.68E-05

Main Results: The impact assessment for all three egg types, conducted using the ReCiPe

2016 method, shows that the highest environmental impacts stem from upstream activities.

Significant differences were observed across the three egg types in terms of human health,

ecological balance, and resource availability.

e Eggs No. 1 (free-range) had the least negative impact on human health and the
ecosystem, but the highest impact on resource availability.
e Eggs No. 3 (cage-laid) had the most significant adverse effects on human health and
the environment, but the least impact on resource availability.
e Eggs No. 2 (barn-laid) showed moderate effects across all three categories.
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Regarding climate change impact, eggs No. 1 had a total impact of 3.58E+00 kg COzeq/kg
eggs, while eggs No. 2 and eggs No. 3 had a total impact of 2.94E+00 kg COzeq/kg eggs and
2.79E+00 kg COqeq/kg eggs, respectively (see Fig. 4.8). This is explained by an inventory
analysis, where it can be noticed that hens laying eggs No. 1 necessitated a greater amount of
food, which can be linked to the wastage of feed in the free-range system and hens’ higher
calorific needs.

Global Warming Potential

Egg No. Egg No. Egg No.Egg No. Egg No.Egg No.
1E1 1E2 2E1 2E2 3E1 3E2
B Upstream B Core EDownstream

Fig. 4.8. Comparison of results in climate change are an area of concern.
4.1.4. Sustainability evaluation of food waste valorization

This case study evaluates the environmental impact of commissioning an energy recovery
plant at the Mondonedo landfill in Colombia, focusing on food waste treatment. The study
models an AD plant for biogas production, methane upgrading, and energy recovery, assessing
environmental, economic, and social impacts through LCA, LCC, and S-LCA.

The FU is defined as 100 tons per day (36,500 tons/y). The study adopts a gate-to-gate
approach, covering AD, biogas production, biomethane upgrading, and CHP while excluding
sorting and recovery activities. The system boundaries are depicted in Fig. 4.9.

% Emissions )

Food waste
collection and

Biogas Upgrade

CHP

Anaerobic digestion

Foreground system

Sludge
Fig. 4.9. System boundaries for FW valorization case.
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The LCI includes material and energy flows, as well as the equipment and infrastructure

required for production. The primary data regarding total waste, food waste composition in the

waste, and degradable organic content (DOC) has been retrieved from the report for reductions

of emission project of the Mondonedo landfill, considering average values for 2007-2016

[227]. For the biogas conversion, biogas upgrade to biomethane, and CHP plants operation, a

process model was built in SuperPro Designer® to conduct mass and energy balances of all

product and elementary flows (see Fig. 4.10).

Key parameters for the LCA and LCC models include calculations related to biomethane

upgrading and water flows in distillation columns. The biogas produced from AD is upgraded

to biomethane using water scrubbing technology, commonly applied in large systems
(> 100 m*/h) [228]—-[230]. This method relies on the higher solubility of CO2 and H>S in water
than methane, following Henry's law (see Equation (2)), which describes the relationship

between gas concentration in a liquid and its partial pressure [231].

Water
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where

C4 — molar concentration of an A gas in the liquid;
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p4 — gas's partial pressure.
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Fig. 4.10. Flow diagram for proposed technologies.
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Within a high-pressure absorption column (high pressure boosts the dissolubility of gases

in water [232], carbon dioxide is removed from the raw biogas, dissolved into the water, and

sprayed from the top of the scrubber in counter-current to the biogas. The amount of water

necessary to sequestrate a certain amount of carbon dioxide, as represented in Equation (3),

depends on the desired CO» concentration in the upgraded gas, the solubility of the carbon

dioxide in the water, which is influenced by temperature and pressure in the scrubber, and by
the column design [230], [231]. A full description of the detailed LCI collection can be found

in Article 5.
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where
O — water flow needed in the column;
Oco2 — molar flow to be removed from the biogas;
Ccoz — calculated carbon dioxide solubility (represented as the maximum concentration in
the water) using Equation (2).

This study’s C-LCC uses the same system boundaries as the LCA, modeling a full-scale
plant to optimize cost efficiency through economies of scale [233]. The S-LCA evaluates
stakeholders like the local community and workers, focusing on indicators such as employment,
health and safety, and economic contribution [183], [234].

Main results: Environmental impacts from the food waste valorization scenario were
assessed using SimaPro 9.2 and Ecoinvent v.3.7, applying the IMPACT 2002+ method [162],
[163], [235], [236].

The environmental impact shared by the Mondonedo plant in the four main damage
categories can be seen in Fig. 4.11. The electricity and heat production at the CHP plant
generates environmental benefits that can almost compensate for the burdens created by the
other stages in resource use and climate change areas of protection.

57.81% 2933%
-11.43%
-42.07% _c0.54%

-50%

Human health ~ Ecosystem quality =~ Climate change Resources

® CHP unit ®Biogas upgrading ® Anaerobic digestion

Fig. 4.11. Damage assessment results for the proposed valorization scenario.

The Mondonedo plant's total environmental impact is 506 Pt, with the main hotspot being
digester sludge treatment (515 Pt), followed by the transport of sorted food waste (247 Pt), and
the construction of the AD plant (79.8 Pt). Environmental benefits stem from electricity and
heat production, attributed to avoided products by system expansion (see Fig. 4.12).

For socio-economic evaluation, the results showed an NPV of USD 112,248,095, an IRR
0f 16.25 %, and a PI of 3.43, confirming its economic viability. CAPEX and OPEX details are
available in Article 5. Due to labor formalization and mandatory protective measures,
biomethane cogeneration, and waste separation are expected to improve worker health and
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safety. However, local communities fear that those new jobs might often favor professionals
from other regions.

Ecosystem quality I

Human health _
Resources
Climate change m

0 500 1,000
Pt

Damage category

@ CHP unit @ Biogas upgrading @ Anaerobic digestion

Fig. 4.12. Weighted totalized results for the proposed valorization scenarios.
4.2. Summary of different scenarios

Each case study in this research employed unique system boundaries tailored to its specific
FSC, revealing distinct insights into energy efficiency and environmental impacts.

The beef cold chain case focused on processing and waste management, demonstrating that
biogas recovery from anaerobic digestion could significantly reduce greenhouse gas emissions
and offset energy demand. While consumer-facing stages were excluded, this approach
emphasized the environmental benefits of waste-to-energy solutions.

The fishery cold supply chain study analyzed all stages, from processing to supermarket
storage. It found that refrigeration contributed the most to the overall environmental impact,
especially at supermarkets. The study recommended interventions like refrigerant optimization
and waste valorization, showing that including the entire chain revealed energy-saving
opportunities that a narrower scope might miss.

The egg production study included production and post-processing storage but excluded
consumer and waste phases. It revealed that free-range eggs had a higher environmental impact
due to increased calorific needs. This case focused on inefficiencies in refrigeration and
packaging, offering insights without the complexity of later stages.

The food valorization case expanded to include end-of-life phases and social impacts,
demonstrating that energy recovery from food waste could displace traditional power sources,
providing environmental and economic benefits. This case highlighted the importance of a
holistic sustainability assessment integrating circular economy principles.

These studies illustrate the strategic importance of selecting system boundaries in LCA
modeling as they shape the insights gained (see Fig. 4.13). Each case showed that flexible,
context-specific boundaries are essential for identifying tailored energy efficiency measures
suited to the unique demands of each supply chain.
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Fig. 4.13. Summary of system boundaries.
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5. LIFE CYCLE SUSTAINABILITY TOOL

Developing an LCST for FSCs addresses the complexity and cost of conventional LCA.
The tool streamlines evaluation of environmental, economic, and social impacts across supply
chain stages, reducing reliance on costly software and specialist support. Compared with
SimaPro or GaBi, a sector-focused tool lowers barriers for SMEs, identifies energy and
environmental hotspots, supports benchmarking via shared assumptions and background
datasets, and prioritizes energy-saving actions through a user-friendly interface. It democratizes
assessment, highlights cost and emissions reductions, and supports circular economy practices,
benefiting resource-limited organizations.

The LCST delivers results for global warming potential, energy demand, and water scarcity.
Embedded LCC calculates NPV and IRR and incorporates social costs through GHG emissions.
Built by the Thesis author, it accepts foreground activity data and uses Ecoinvent 3.6 for
background data and inventory normalization. Outputs include charts, tables, and graphs to
reveal hotspots. Users select products and supply chain stages for regional or global analyses,
and boundaries adjust automatically.

The database covers transport vehicles, distances, fuels, storage, and waste scenarios. Data
from Ecoinvent 3.6 are converted to a 1 kg functional unit. For LCC, the tool relies on user
foreground data and provides editable baseline economic values. It supports conventional,
environmental, and societal LCC, offering complementary perspectives for decision-making.

The tool interface is designed for usability with color-coded cells for lists, editable fields,
and automatic calculations. Beyond compliance with ISO 14040 and ISO 14044, the goal is to
let supply chain managers assess sustainability from an LCT perspective without expertise in
LCA, LCC, or S-LCA. Users focus on accurate, consistent data entry rather than calculations.

All stages appear on a single sheet for easy tracking. Preliminary bar charts provide
immediate feedback. Calculation sheets are hidden, and database libraries are protected to avoid
unintended changes to conversion factors. Integration and standardization of the layout with
other project tools will occur later.

The tool builds product systems by allowing selection of supply chain type (regional or
global), input materials (food and packaging), transport modes, distances, travel times,
payloads, energy sources, and other required inputs. Downstream waste treatment scenarios can
be added for sensitivity analysis (see Fig. 5.1). Environmental impacts are quantified using
three methods across three categories: GWP in CO; eq with IPC100a, energy intensity in MJ
with cumulative energy demand, and water scarcity in m* with AWARE.

The LCA delivers a comprehensive view of a food chain scenario across stages and flows,
with relevance at regional, national, and societal levels. The LCST thus provides a broad and
detailed environmental assessment of a given supply chain.
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Fig. 5.1. Input parameter interface.
5.1. LCA output indicators

The LCST calculates output indicators that encapsulate all supply chain activities over a
year, with the option to model single-occurrence scenarios for more advanced users. It focuses
on three key environmental indicators derived from the LCA method in line with ISO 14040
and ISO 14044:

o Global warming potential (GWP): Expressed in kilograms of CO; equivalent, this
indicator uses the IPCC 2013 method with a 100-year time horizon, capturing the
life cycle emissions of materials, including extraction, raw materials, and transport,
not just direct emissions [237].

e Cumulated energy demand (CED): Measured in megajoules (MJ), CED accounts
for all direct and indirect energy use, considering both renewable and non-renewable
sources across a product's life cycle [238], [239].

e Water scarcity: Using the AWARE methodology, this indicator measures the
potential for water deprivation in cubic meters, calculating the water scarcity
footprint based on regional water availability and human consumption impacts,
following ISO 14046 [240].

The calculation procedure for the three impact categories included in the tool is represented
by Equation (4):

Output indicator = input value(kg) x characterization factor (%) )]
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The input data must be entered manually into the LCST by the user. In contrast, the tool
core provides the conversion factors. The outputs can be seen either in the sheet for results or
directly in the graphs presented in the user dashboard.

5.2. LCC output indicators

In the LCC evaluation within the ICCEE tool and LCST, three main LCC approaches were
evaluated: conventional, environmental, and societal. Owing to the distinct methodologies
employed in various kinds of LCC, diverse output indicators are utilized accordingly. The C-
LCC and S-LCC exhibit notable similarities, reflected in their shared indicators. Specifically,
in the context of C-LCC as adopted in the tool, the focus is predominantly on economic
indicators, which include:

1. Net present value (NPV) — the difference between investment and the total present
value of future net income (net cash flow).
NPV =

R¢
(1+i)t’

&)

where

NPV — net present value;
R: — net cash flow at time t;
i — discount rate;

t —time of the cash flow.

2. Internal rate of return (IRR) — an index illustrating the expected profit versus project
investment cost. It can also be said that IRR shows the maximum loan interest rate

that the project can tolerate.
0=NPV =3I, —% (©)

t
(1+IRR)t 0,

where

C; — net cash flow during period t;
Co — total initial investment costs;
IRR — the internal rate of return;

t — the number of time periods.

3. Profit index (PI) — a ratio between the total present value (PV) of future income and
initial investment.

PV of future cash flows
Pl =

, (7

Determining the output indicators for E-LCC assessment presents more challenges as E-

Initial investment

LCC primarily focuses on estimating solely the economic aspect or as a broader sustainability
evaluation component. Therefore, the outcomes are displayed in monetary terms for each phase
of the life cycle, and this is done without applying any discounted rates.
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5.3. S-LCA (S-LCC) output indicators

Similar case considerations relevant to C-LCC are also applicable to S-LCC. However, S-
LCC incorporates an extra component of damage cost in assessing overall cash flows. This
inclusion is based on the premise that there is a willingness to pay for the societal impacts. The
output indicators for S-LCC include:

e Social NPV (SNPV): It shares the exact definition of NPV but includes additional
damage costs in the evaluation.

e Social cost-benefit analysis (SCBA): It is recommended when S-LCC is conducted
and is found by dividing the future scenario SNPV by the baseline scenario of
SNPV. A SCBA value greater than 1.0 shows a social profit from the investment or
project evaluated, while a value lower than 1.0 would show a social drawback from
the project.

5.4. Data collection procedure

The foreground system focuses on specific data directly controlled by stakeholders in the
supply chain, while the background system uses average data for processes not under direct
control. Foreground data is primarily collected through site visits and energy audits, forming
the critical input for the LCST. Background data provided by the tool supports the overall
model.

The critical foreground data needed for the LCST includes:

e General company information: details like location, sector, product demand,
warehouse space utilization, and peak temperature.

e Storage activities: data on production rates, warehouse temperatures, energy usage
for refrigeration, water and refrigerant consumption, and packaging materials.

e Transportation operations: information on vehicle types, fuel, distances,
refrigeration technology, and load capacities.

e EEMs: data on energy improvements, such as refrigeration system changes,
insulation, energy recovery technologies, maintenance upgrades, and energy
management systems. The LCST supports comparative analysis and standalone

energy efficiency evaluations within food supply chains, integrating data on various
EEMs.

Background data collection for the LCST follows ISO 14044 guidelines and focuses on
gathering, organizing, and analyzing emissions and resource use data, categorized similarly to
the foreground data. The main categories include:

e Transportation
o Road transport: diesel vehicles (EURO 5 and EURO 6) for long-haul, up to
32 tons.
o Refrigerated road transport: similar vehicles with refrigeration units
powered by the main engine.
o Global transport: trains, ships, and aircraft for transoceanic freight.
e Products and materials
o Products: includes dairy, fish, and meat products, capturing the total
environmental impact from cradle to gate.
o Packaging materials: includes food-grade glass, polymers, and plastics.
o Water: covers sources like underground and deionized water.

50



e Energy sources

o Electricity: includes electricity from national grids in Eurozone countries
and electricity generated from various fuels, such as photovoltaic and natural
gas.

o Fossil fuels: includes natural gas, oil, and coal, measured by mass/volume.

o Biofuels: common biofuels like biogas, bioethanol, biodiesel, etc.

o Heat: various heat sources, including cogeneration, are categorized by fuel
type and plant size.

e Refrigeration materials: includes refrigerants for warehouses and transport vehicles,
and fuels for independent refrigeration units.

e Waste disposal: provides disposal options for packaging materials, wastewater,
slaughterhouse waste, and biodegradable substances, including transportation to the
treatment facility.

All characterization factors were sourced from the Ecoinvent 3.6 database, a widely used

database in commercial LCA software that complies with ISO 14044 [237].

5.5. Data input

Material and energy flows in the LCST are designed to be input on an annual basis to match
the typical reporting format used in corporate frameworks. The flows include water
consumption, electricity consumption, other energy sources, refrigerants (annual pre-charge),
and waste materials. For example, a food company may not typically track electricity
consumption for each specific product, but can easily obtain overall yearly consumption data
from utility records.

Payload data is also critical in the LCST, though it is input differently from material flows.
This data pertains to the mass or volume of products transported and includes key variables
such as vehicle distance traveled, travel time, product volume per vehicle, refrigeration and
ventilation energy for independent units, and water consumption. However, refrigerant pre-
charge data must be input annually due to the environmental impact allocation based on annual
leakage rates, thus necessitating alignment with this yearly method.

Additionally, data such as warehouse size, the duration a product remains in storage,
payload volume, and the average yearly amount of stored products are crucial for mass and
energy allocation within the tool. Accurate data input is essential, as any errors could
significantly affect the calculation results.

5.6. LCA data processing and results visualization

The characterization factors used in the LCST represent the environmental impact of
materials and processes within the FSC, specifically regarding GWP, CED, and water scarcity.
The factors are organized into specific libraries and categorized by types of background data,
as described in Subsection 5.1.4. The LCST allows users to add new agricultural products not
included in the core database by providing their environmental profiles for the impact categories
from a cradle-to-gate approach. Users can also adjust storage and transport conditions for these
products as they move through the supply chain.
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The tool processes the input data through a core Excel sheet using the stored conversion
factors for each stage of the FSC. The results, shown in the LCA Results sheet, provide insights
into the environmental impact of the entire cold chain, broken down by stages.

e Total impact across the three main impact categories and impact per FU for all
categories is shown in Fig. 5.2.

Water scarcity(m®

GWP (kg CO, eq) CED (M)
eq.)

Total impact across the cold chain

Water scarcity

GWP (kg CO, eq) CED (MJ) 3
(m” eq.)

Total impact per kg transported (FU)

Fig. 5.2. Table of general outputs for LCA results.

e The chart in Fig. 5.3 shows the contribution of each stage to different impact
categories , identifying environmental hotspots,

Process contribution per impact category

Water scarcity
(m3 eq)/FU

CED (MJ)/FU I
per stage

GWP
(kg CO2
eq)/FU

0 5 10 15

M Transport from producer M Processing W Storage after production
m Transport to dist. center Storage at dist. center Transport to retailer/consumer
M Storage at retailer's backroom

Fig. 5.3. Process contribution chart.
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e Figure 5.4 presents a visual display of the process contribution to each category.
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Fig. 5.4. LCA results in shares per FSC stage.
e And the cumulative impacts along the FSC stages.
5.7. LCC modeling

During this research, various EEMs across different FSC participants, including producers,
transport companies, and intermediaries, were evaluated. The LCST allows users to compare
up to three EEMs against a baseline scenario. Additional fields for “investment data entry"
enable users to input data on project costs and EEM investment costs, which can be adjusted
for different regions or markets.

Figure 5.5 illustrates the fields for project and EEM investment costs, while Fig. 5.6 shows
the table for expected EEM results. EEMs usually result in energy use reductions, but the tool
also allows for assessing changes in water consumption and food quality. Common EEM
options include ventilation, lighting, motors, refrigeration systems, insulation improvements,
and changes in staff behavior.

Project costs
Project costs Unit Baseline EEM 1 EEM 2 EEM 3 Comments
Design (calculations, internal coordination.. etc] € [The costs of internal expertise for the project definition phase.
Definition costs The costs of external expertise (subcontracted) for the project
Technical assistance 3 definition phase.
Item 1 € 4,000 3,600 4,500
Construction Item 2 €
Item 3 € Correspond to the program costs required beyond the
Investement costs Item 1 €
phase: the costs and the purchase and
in EEM Equipments and technical  [1lo™ 2 € fon of equipment
b € Item 3 €
instalations ey 3
Item 5 €
|Electricity €/year 5,000 2,000 4,100 3,000
Fuels €/year 500 493 498 510
Labour costs €/year - - = |Costs for the activities conducted under the cold chain step
Operation and mai Water €/year = E = | assessed and directly performed by cost bearer or actor
i €/year 20 20 20 20 |responsible for the stage (internal expertise).
Running costs/cost Other €/year
categories Vehicle mai €/year
Raw material 1 €/year =
Raw material 2 €/year -
Production costs Raw material 3 €/year -
Packaging material 1__|€/year =
Packaging material 2 |€/year =

Fig. 5.5. Project costs and EEMs investment costs.
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The Investment Data Entry sheet captures production data and financial factors, and the C-
LCC Results sheet displays the results in the discussed economic output indicators for each

scenario (see Fig. 5.7).

Expected results/Energy savings Unit Comments
Change in electricity i % 50
Change in other energy sources % Corresponds to the change in the different material or energy
Change in labour costs % flows, and changes in i due to EMM's
Change in water % implementation. Please enter the corresponding values.
Change in refrigerant pre-charge % [ 20%] f  30%|

Corresponds to the change in the quality factor affecting the
Change in quality factor total amount of units sold per year.Please enter the
% ing values.

Change in carbon emissions (ton CO, eq) ton/year Expected amount of carbon emission reduction

Fig. 5.6. Table for expected results from EMMs.

Additionally, the E-LCC feature calculates the cost impacts of EEMs, helping users identify

the most effective cost-saving measures (see Fig. 5.8).

Baseline EEM 1
33,721 [ 35,587
- 115.32%
- 9.90

NPV: Net present value is the difference between the total present value (PV) of the

incoming net cash flow and the investment ().

IRR: Internal rate of return shows the maximum interest rate of a loan that can be
tolerated by a project. If IRR > WACC, then an investment could be accepted.

Pi: Profit index is a ratio between the total present value PV of future income and the

| investment.

Fig. 5.7. Visualization of C-LCC output indicators.
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o . Storage after o . Storage at o - Retailer
Costs ranspol processing ranspol dist. center | |"2"SP® backroom
Flow material cost 5.10| 7.59| 20.02| 164.99 14.65] 6.91]
GWP external cost 1.60] 0.42] 5.97 16.64| 4.75 1.45]
Total E-LCC 6.70] 8.02] 25.99 181.63 19.40] 8.36|
E-LCC
Retailer/|
Storage after Storage at s
Costs Transport 1 . . Transport 3 consumer
processing dist. center
backroom
Flow material cost 5.10] 7.59 164.99 14.65 6.91
GWP external cost 1.60 0.42 16.64 4.75 1.45
Total E-LCC 6.70 8.02):; 181.63 19.40 8.36]

Baseline scenario - Future scenario

Total environmental LCC per thousand

(implementing EEM)

of kg transported ( €) STET

250.22

Fig. 5.8. E-LCC results visualization.
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A final feature integrating the willingness to pay for externalities usually covered by society,
such as the damage caused by climate change, is included in the LCST. The user can modify
this externality cost depending on the desired approach: CO: cost per ton as in the EU ETS,
damage costs related to environmental prices, or abatement costs following the eco-costs
methodology, as shown in Fig. 5.9.
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Fig. 5.9. S-LCC results visualization.
5.8. Tool validation

The tool validation took place through the ICCEE project, which targeted SMEs for
decision-making around EEMs. The validation followed the following processes.

e Conceptual Tool Validation:

e Data was collected from various supply chain stakeholders, such as suppliers,
producers, and retailers, during earlier project stages. This data validated several
tools, focusing on the supply chain's energy consumption, lifecycle analysis, and
benchmarking.

e The tool was tested using real-world supply chain data, although it was noted
that not all datasets were complete enough to model entire cases.

e Each tool underwent rigorous technical validation, including system and user
acceptance tests, to ensure usability, functionality, and the absence of bugs.

e A group of energy managers and industry experts were asked to provide
feedback on both the user interface and the presentation of the results. Each
project partner was assigned specific tools to test, ensuring coverage across the
suite of tools developed.

The results from the validation protocol were the following:
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e Positive feedback: Most users found the tools useful, with some expressing
interest in using them in the future. The general usability and user-friendliness
of the tools were praised, and no major data inconsistencies were reported.

o Identified issues: Minor formatting issues were noted, such as cell width
adjustments and problems with drop-down menus. Additionally, some
translation inconsistencies and suggestions to change units to more intuitive
measures were highlighted.

e Content recommendations: There were requests to expand the drop-down menu
options and clarify some instructions. The LCA tool required adjustments to
calculation formulas, while others needed improvements in result presentation.

In general, the tool was well-received and provided a valuable resource for companies in
the cold supply chain sector to improve energy efficiency. Some minor adjustments and bug
fixes were required, but the tool met the validation criteria overall.
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6. CONCLUSIONS AND RECOMMENDATIONS

Over the past five decades, sustainability has shifted from a needs-based concept to an
integrated approach that elevates ecological and social values alongside economic ones.
Sustainable development now centers on human well-being and environmental integrity, not
growth alone.

In the food industry, globalization has lengthened and complicated supply chains,
increasing energy use, resource consumption, and food waste. Quantitative assessment still
lacks a cohesive framework that integrates environmental, social, and economic pillars. Life
cycle thinking addresses this by evaluating impacts across the full life cycle, yet practical,
accessible tools remain scarce, particularly for sector-specific needs and SMEs.

This research developed and tested a life cycle sustainability tool through case studies in
beef, fish, and egg chains. The tool integrates the three pillars, identifies hotspots, and evaluates
trade-offs and interventions. Some of the findings can be summarized as follows:

e LCA results show higher per-kilogram impacts in globalized beef chains,
supporting local sourcing;
o fishing activities driven by fossil fuels and inefficient retail storage dominate
fish impacts;
e transport distances significantly shape footprints;
o targeted energy efficiency measures in egg supply chains deliver gains even at a
small scale.
Economic analyses confirm that energy efficiency investments are both environmentally
beneficial and financially sound. The LCST provides actionable insights for producers, supply
chain managers, and policymakers, supporting strategy design, resource allocation, and the
development of effective policy frameworks.

6.1. Conclusions related to the objectives

This research addressed the lack of a standardized, practical framework that integrates
environmental, economic, and social pillars into a single quantitative assessment for the food
industry. By operationalizing life cycle thinking in a robust, user-friendly way, the Thesis shows
that fragmented evaluations can be replaced with a holistic methodology.

A central conclusion is that LCA can be simplified without losing rigor. The proposed
LCST integrates LCA, LCC, and selected S-LCA indicators, standardizing use, so non-experts,
including SMEs, can design and evaluate supply chains with minimal prior knowledge.

Case studies in beef, fish, and egg chains confirm the tool’s utility. Results identify hotspots
and guide interventions: high burdens from long-distance transport in beef supply chains,
energy-intensive fishing operations in fish supply chains, and targeted efficiency opportunities
in egg production. Outputs inform producers on process improvements, help managers
prioritize investments, and indicate where policy incentives can be most effective.

The LCST bridges theory and practice by translating LCT principles into a standardized yet
adaptable tool that balances scientific rigor with usability. This is timely given that new
European regulations, such as CSRD, ESPR, CBAM, and CPR, are emerging, increasing
requirements for credible performance evaluation and reporting.
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Overall, integrating LCA, LCC, and S-LCA into a simplified, standardized methodology is
feasible and necessary. By demonstrating the operationalization of LCT through empirical
applications, the Thesis provides both theoretical advancement and a practical instrument for
decision-making across the food supply chain.

6.2. Recommendations

The LCST developed in this Thesis enables rapid sustainability evaluation for food supply
chains across most EU-27 countries. Simplifying the ISO 14040/14044 LCA approach reduces
complexity while preserving rigor. Users can build product systems, adjust system boundaries,
and obtain results without prior LCA expertise. The tool applies gate-to-gate boundaries while
still considering relevant upstream and selected downstream processes.

For industry and supply chain managers, the LCST offers a practical decision-support tool.
Integrated LCA and LCC modules allow analysis of environmental and economic trade-offs,
and social indicators extend coverage to all three pillars. Usability supports large firms and
SMEs; brief training is advised to avoid errors and ensure consistent results.

Benefits extend beyond environmental gains. The LCST helps identify measures that reduce
vehicle use or shift to more efficient fleets, optimize energy in refrigeration and processing,
support regulatory compliance, and cut costs from waste and resource inefficiency. Results also
strengthen sustainability communication with consumers, clients, and investors.

Experience from the ICCEE project shows firms can capture energy efficiency and non-
energy benefits. Benchmarking and capacity-building (training and e-learning) helped translate
assessments into action. Future LCST dissemination should include targeted training to embed
sustainability practices.

For policymakers, simplified and standardized tools like the LCST should be incorporated
into policy and regulatory instruments to lower compliance barriers and broaden adoption.
Quantitative outputs can guide targeted measures, such as incentivizing local sourcing,
upgrading refrigeration efficiency, and reducing fossil fuel dependence in fisheries.

For academia, the LCST is a teaching and training resource for students and practitioners
without advanced LCA training. Embedding it in curricula and workshops will help bridge
theory and industrial practice.

In sum, adopting the LCST in industry, integrating it into policy, and using it in education
can reduce environmental burdens, improve economic efficiency, and reinforce social
responsibility across food supply chains.

6.3. Recommendations for Future Research

In addition to these practical, policy, and educational applications, this Thesis highlights
several avenues for future research. First, there is a need to further refine the integration of the
social dimension into LCT-based tools. While environmental and economic pillars are
relatively well developed, social sustainability remains less standardized and requires
methodological innovation, particularly in capturing supply chain-level issues such as labor
rights, community well-being, and fair trade practices.
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Second, future research should aim to extend the LCST framework beyond the food industry
to test its adaptability in other sectors characterized by complex supply chains, such as textiles,
construction, or pharmaceuticals. Comparative studies would allow researchers to assess both
the universality and sector-specific limitations of the methodology.

Third, as digitalization and big data analytics continue to evolve, integrating real-time data
streams, blockchain-based traceability, and artificial intelligence into life cycle sustainability
assessment tools will be essential. Such integration could significantly reduce data gaps and
enhance the accuracy, scalability, and dynamic updating of results.

Fourth, further research is needed to explore how the LCST can be combined with planetary
boundaries and absolute sustainability concepts in a more systematic way. Although this Thesis
introduces steps in this direction, operationalizing global limits into product- and process-level
decision-support tools remains a frontier in sustainability science.
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